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Abstract

The neodymium (Nd) isotope composition (εNd) of seawater is used to trace ocean circulation.
However, there remains uncertainty in quantifying oceanic budgets of Nd. For example, a
recently proposed benthic Nd flux complicates traditional interpretations of the seawater
εNd signal by introducing a major non-conservative process.

This thesis implements marine Nd isotopes into a fast General Circulation Model
(FAMOUS); revisiting the sources, sinks and transformation of Nd within the ocean.
A statistical emulator is applied to explore three key parameters, and to optimise the
scheme’s ability to represent modern seawater measurements. Altogether, the calibrated
simulation captures the influence of the physical/biogeochemical processes to which global
εNd distributions are known to be sensitive (i.e., inputs/sinks, internal cycling, and water
mass structure and mixing). Of the total Nd sourced to the ocean, 64% comes from the
seafloor sediment flux, 30% from rivers, and 6% from dust, and simulated Nd has an
estimated residence time of 727 years. Sensitivity tests reveal that vertical Nd transport
via reversible scavenging maintains water provenance signals by enhancing basinal εNd

signatures. Model-data inconsistencies in the North Pacific and northern North Atlantic
imply that a spatially uniform seafloor-wide bulk sediment benthic Nd flux does not
capture the mobile particle-seawater exchange in all instances. Furthermore, simulations
exploring the mobilisation of ‘reactive’ sediment Nd demonstrate sluggish Pacific waters
are sensitive to benthic flux alterations, whereas the well-ventilated North Atlantic displays
a much weaker response.

In closing, there are distinct regional differences in how seawater acquires its εNd

signal. More careful interpretations to set apart the interlinked roles of major Nd sources
(εNd composition, spatial extent, and reactivity), from ocean structure (water mass presence,
convection, and ventilation), and regional environmental conditions (biological productivity,
pH, redox conditions) are required for the robust applications of εNd as an ocean circulation
tracer.
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Chapter 1

Introduction

1.1 Context to thesis

1.1.1 Ocean circulation and climate

The global climate system is formed of five major components: the atmosphere, hydrosphere,
cryosphere, lithosphere and biosphere, and the intricate interactions amongst them (Baede
et al., 2001). Climate evolves over time when forced by its own internal dynamics and
in response to external forcings (e.g., solar variations, orbital cycles, volcanic eruptions
and anthropogenic forcings). Covering 71% of Earth’s surface, the ocean forms a key
component, driving force and essential regulator of the global climate system. The ocean
continuously exchanges with the atmosphere and redistributes mass, heat, carbon, freshwater,
nutrients, and other substances away from their sources and between hemispheres (Luo
et al., 2018; Macdonald and Wunsch, 1996; Ganachaud and Wunsch, 2000; Schmittner
et al., 2013; Buckley and Marshall, 2016; Rahmstorf, 2002; McCarthy et al., 2015).

Ocean circulation is a highly complex and turbulent system, yet if the mass and
corresponding property fluxes (e.g. temperature and salinity) are integrated across ocean
basins, a somewhat simpler (but still very complicated) circulation pattern emerges
(Macdonald and Wunsch, 1996). The Global Meridional Overturning Circulation (GMOC;
Fig. 1.1) describes a system of surface and deep ocean currents which transpose across
all ocean basins, connecting the surface ocean and atmosphere with the large deep ocean
reservoir (Rahmstorf, 2002). The overturning system is governed by a combination of
wind driven surface currents and tides (mostly confined to the upper hundred meters),
alongside density driven thermohaline circulation (THC), whereby the density of water is
related to its temperature and salinity properties (where colder and saline waters have the
highest density).

1
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Figure 1.1: Schematic of the modern global overturning circulation from Kuhlbrodt et al.
(2007), following Broecker (1997); Rahmstorf (2002). Surface flows mostly constrained
to the upper hundred meters of the ocean (red) flow towards high latitude deep water
formation regions (yellow ovals) in the North Atlantic and Southern Ocean and circulate
through the ocean interior as deep and bottom water currents (blue and purple).
Wind-driven upwelling occurs across the Antarctic Circumpolar Current.

In the modern ocean, northward flowing saline surface waters originating from the
Gulf of Mexico release substantial heat to the atmosphere in the northern North Atlantic,
attaining critical density at sites in the marginal Labrador and Greenland Seas. These
waters then sink to form North Atlantic Deep Water (NADW), which returns southwards
as a deep western boundary current, reaching the Antarctic Circumpolar Current (ACC)
of the Southern Ocean (Schmittner et al., 2013). This deep water then mixes with other
deep-water masses such as Pacific Deep Water (PDW) to form Circumpolar Deep Water
(CDW), of which some penetrates northwards filling deep waters into the Pacific and
Indian Oceans. Along the Antarctic coast, in the Ross and particularly the Weddell Seas,
the second key regions of modern deep and bottom water formation occur. Here processes
associated with sea ice formation (brine water rejection) create Antarctic Bottom Water
(AABW). These waters are characterised as the densest on Earth, distinctly colder and
fresher than NADW and flow northward at abyssal depths in the Atlantic (Talley, 2013;
Orsi et al., 1999).

Moreover, distributions of nutrients and patterns of biological production in the ocean
are determined by the complex interplay of biogeochemical and physical processes, and
external sources. The observed spatial characteristics of macro-nutrients (e.g., nitrate,
phosphate, and silicate) broadly reflect those of classical water masses (e.g., NADW,
AABW), demonstrating physical transport and large-scale overturning circulation as the
principal mechanism determining their inter-basinal distributions (Baede et al., 2001).

Despite its importance on multiple aspects of the Earth system (e.g., Bigg et al., 2003;
Ferreira et al., 2018; Frierson et al., 2013; Johns et al., 2011; Marshall et al., 2014; Pérez
et al., 2013; Takahashi et al., 2009; Vellinga and Wood, 2002), a mechanistic understanding
of large-scale physical ocean overturning, its internal variability, response to external
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forcings and resultant implications upon the climate system remains incomplete, and
historically observations of large-scale ocean dynamics have been challenging (Buckley and
Marshall, 2016; McCarthy et al., 2015). Moreover, due to the millennial timescales that
deep ocean circulation operates upon (Broecker and Peng, 1982), the decadal timescales
of the observational record remain far too short to attribute the relative contribution of
internal variability, natural forcing and anthropogenic forcings to any observed changes
(Stocker et al., 2013).

The geological record can provide insights into the internal and external mechanisms
that drive multi-decadal to multi-millennial variability of the ocean and climate system.
These records are useful for understanding long-term changes in ocean and atmospheric
chemistry, heat and freshwater fluxes, and global wind patterns (as inferred from
mineralogical, geochemical, and isotopic composition of dust deposited in the oceans and
ice sheets) (Lynch-Stieglitz, 2017; McManus et al., 2004; Lynch-Stieglitz and Marchitto,
2003). In particular, the application of geochemical ocean circulation tracers can overcome
the severe spatiotemporal limitations of direct ocean circulation measurements, and improve
our conceptual understanding of the background state of the deep ocean, and its response
to perturbations (von Blanckenburg, 1999; Lynch-Stieglitz, 2003, 2017).

1.1.2 Tracers of ocean circulation

Our knowledge of past ocean-climate dynamics has been widely informed by multiple
palaeocirculation proxies. Traditional hydrographic parameters (temperature and salinity)
are intrinsic to any water mass definition; however they provide only limited information
on water mass formation processes and are not preserved back in time (England and
Maier-Reimer, 2001). Crucial information can be gained instead from geochemical tracers
(Table 1.1), providing a novel means for understanding imperative ocean ventilation
processes that cannot be obtained by temperature and salinity alone (see Lynch-Stieglitz
and Marchitto, 2003, for review).

Table 1.1: Summary of ocean circulation tracers, their main proxy application and
associated key studies

Tracer Ocean circulation proxy
application

References

δ13C Air sea gas exchange,
nutrients, productivity

(McManus et al., 2004; Henry et al.,
2016; Oliver et al., 2010; Menviel et al.,
2017)

Cd/Ca Nutrient concentrations and
properties

(Boyle and Keigwin, 1982; Bertram
et al., 1995; Rosenthal et al., 1997)

δ18O Density, temperature, salinity (Lynch-Stieglitz et al., 1999a,b)
∆14C Ventilation rates, air-sea

exchange
(Broecker et al., 2004, 1960; Sweeney
et al., 2007)

231Pa/230Th Circulation kinematics,
particle processes and
scavenging

(McManus et al., 2004; Bohm et al.,
2015; Lippold et al., 2009; Gherardi
et al., 2005; Yu et al., 1996)

εNd Water mass provenance and
mixing, large-scale weathering
regimes

(Scher and Martin, 2006; Gutjahr
et al., 2008; Howe et al., 2016; Hu and
Piotrowski, 2018; Rutberg et al., 2000;
Blaser et al., 2019b)

Stable carbon isotopes (δ13C) and the cadmium/calcium ratios (Cd/Ca) recorded and
preserved in benthic foraminifera were historically the most frequently applied geochemical
tracer to reconstruct deep ocean circulation (Frank, 2002). The δ13C of deep waters
generally is negatively correlated with nutrient (phosphate) concentrations due to preferential
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incorporation of 12C onto organic matter in the surface ocean, and corresponding release
during remineralisation at depth. However, δ13C is also sensitive to temperature, nutrient
availability, and carbonate ion concentration (Broecker and Peng, 1982). Cd/Ca positively
correlates with nutrient concentration (phosphate, nitrate), but thermodynamic processes
can cause problems with their interpretation (Lynch-Stieglitz, 2003). Combining these
tracers allows the distinction between low nutrient (e.g., NADW) and high nutrient (e.g.,
North Pacific) deep waters, providing useful proxies for past water mass distributions
controlled by processes in the surface ocean. Yet, it remains difficult to make quantitative
estimates of water mass mixing on the basis of δ13C and Cd/Ca because neither proxy
exclusively mirrors nutrient concentrations of ambient deep water (Frank, 2002; Lynch-Stieglitz,
2003).

Stable oxygen isotopes (δ18O) in seawater are determined by fractionation during
evaporation and sea ice formation, alongside the δ18O content of precipitation and continental
run-off (Lynch-Stieglitz, 2003). As such seawater δ18O changes recorded in foraminifera
can be applied as a conservative density tracer due to its relation to seawater temperature
and ocean conditions (e.g. salinity) upon calcification (Lynch-Stieglitz et al., 1999a,b).
The counteracting temperature and salinity effects (which are further hard to separate)
on δ18O can however lead to small gradients amongst key water masses (NADW and
AABW), and there are known issues with interspecies calibration (Lynch-Stieglitz, 2003).

Circulation rate and volume transport tracers of ocean circulation include the use of
natural and anthropogenic radiocarbon (∆14C) and protactinium/thorium ratios (231Pa
/230Th). Radiocarbon (14C) is produced by cosmic rays in the atmosphere and is subsequently
dissolved into the surface mixed layer in partial equilibrium, 14C decays with a half-life
of 5,730 years (Godwin, 1962). As such, the more negative the ∆14C the more time
has elapsed since the water mass was in contact with the atmosphere, enabling the
tracing of deep-ocean ventilation rates (Lynch-Stieglitz, 2003). Radiocarbon content
in the atmosphere does change with time, complicating the use of this tracer, which
is further restricted by its short half-life limiting its palaeo-proxy use to the last 30-50
thousand years (ka) (von Blanckenburg, 1999; England and Maier-Reimer, 2001; Reimer
et al., 2009). Conversely, protactinium (231Pa) and thorium (230Th) are produced in the
water column and scavenged by marine particles onto the seafloor. Thorium (230Th) is
scavenged more efficiently than 231Pa, leading to contrasting residence times in seawater,
and resulting in differing lateral transport. As such, measurable shifts in the 231Pa/230Th
of marine sediments can be used to estimate ventilation rates (Yu et al., 1996; McManus
et al., 2004). However, robust palaeocirculation reconstructions using 231Pa/230Th require
detailed information of past particle fluxes and composition due to the complex interplay
between deep water ventilation rates and the particle scavenging of the elements
(Lynch-Stieglitz, 2003).

The application of inorganic trace elements, such as neodymium isotopes (εNd) as
valuable tracers of both modern and past ocean circulation has led to their increased
exploitation over the past four decades (Goldstein and Hemming, 2003; Tachikawa et al.,
2017; van de Flierdt et al., 2010). The estimated mean oceanic residence time of Nd
in seawater of 360 to 785 years (Arsouze et al., 2009; Gu et al., 2019; Pöppelmeier
et al., 2020a; Rempfer et al., 2011), is shorter than the global ocean overturning time
(≈ 1500 years; Broecker and Peng, 1982), and explains the heterogenous εNd distributions
in deep water (Fig. 1.2). Moreover, in pelagic seawater, εNd can exhibit conservative
behaviour, corresponding to water mass advection and mixing (Goldstein and Hemming,
2003; Piotrowski et al., 2008; Tachikawa et al., 2017; Hu et al., 2016; Piepgras et al., 1979;
van de Flierdt et al., 2016). It is these characteristics of εNd that has led to the use of
εNd to trace water mass provenance, structure and mixing; providing important insights
into both modern and palaeo-ocean circulation (see reviews by Frank, 2002; Goldstein
and Hemming, 2003; van de Flierdt et al., 2010). An advantage of dissolved εNd in
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seawater compared to carbon isotopes, is that the former experiences negligible biological
fractionation, and is not influenced by air-sea exchange processes (Blaser et al., 2019a).

Figure 1.2: Distribution of deep-water Nd isotopic composition in the modern ocean taken
from Tachikawa et al. (2017) and the schematised global thermohaline circulation from
Broecker (1991). The coloured dots indicate εNd measurements at 1,500 m depth in the
water column or at a water depth closest to 1,500 m. Figure demonstrates the water mass
provenance and circulation properties of εNd in seawater. Figure reprinted from Tachikawa
et al. (2020).

The Nd isotope composition is imprinted on waters via exchange with terrigenous
sediments and is recorded and preserved in multiple authigenic (seawater) archives (e.g.,
sediment leaches, fish teeth/debris and foraminifera). The εNd signature of authigenic
sediment phases are considered robust ocean circulation proxies, applicable across long
timescales, including the Palaeocene-Eocene Thermal Maximum (PETM) ≈ 55 million
years ago (Ma) (Abbott et al., 2016b). Furthermore due to εNd not being actively involved
in marine biogeochemical cycling (Blaser et al., 2019a), palaeo-reconstructions of ocean
circulation during periods of rapid, climatically induced biological and chemical change
are possible, providing unique insights into large-scale ocean circulation dynamics (von
Blanckenburg, 2001).

However, a lack of constraints regarding the major global marine Nd budgets, including
absence of a full description and quantification of the major sources, sinks and internal
processes governing seawater Nd isotope distributions complicates the use of this tracer,
leading to hotly debated interpretations regarding their oceanic cycling (Haley et al.,
2017; Abbott et al., 2015b; Du et al., 2016; Abbott et al., 2015a; Abbott, 2019; Abbott
et al., 2016b; Wang et al., 2021; Rousseau et al., 2015; Haley et al., 2021; Jeandel, 2016;
Johannesson and Burdige, 2007; Lacan and Jeandel, 2005a). Thus, it is important to
constrain the processes governing global marine Nd cycling and distributions, unlocking
the full potential of Nd isotopes as a palaeoceanographic tracer, and forms the main
motivation and focus of this study.

1.1.3 Neodymium isotopes in seawater

There are seven naturally occurring isotopes of Nd (142Nd, 143Nd, 144Nd, 145Nd, 146Nd,
147Nd, 148Nd, 149Nd and 150Nd). The samarium (Sm)-Nd system is a long-lived radiogenic
isotope system, characterised by the slow decay of the parent isotope compared with the
age of the Solar System. Here 147Sm decays to produce its radiogenic daughter 143Nd,
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with a half-life of 160 billion years. During melting of the Earth’s mantle, 143Nd (which is
more incompatible during melting than 147Sm) is preferentially partitioned into magmas
which form continental crust, together with ingrowth of 143Nd, this results in characteristic
143Nd/144Nd fingerprints in rocks, which generally vary as a function of age and geological
composition. The ratio of Nd isotopes relative to the bulk earth standard is denoted:

εNd =

(
(143Nd/144Nd)sample

(143Nd/144Nd)CHUR
− 1

)
× 104, (1.1)

where (143Nd/144Nd)CHUR relates to the Chondritic Unform Reservoir (CHUR; 0.512638:
Jacobsen and Wasserburg 1980), and one εNd-unit represents one part per 10,000 deviation
from CHUR.

The Nd isotope distributions of continental rock display spatial heterogeneity (Fig.
1.3). Generally, older continental crust has lower 147Sm/143Nd and low εNd values (e.g.,
old exposed Archean rocks composing the North Atlantic Craton, εNd ≈ −25), compared
with younger mantle-derived rocks, which have higher 147Sm/143Nd and high εNd values
(e.g., Hawaiian island chain, εNd ≈ +7) (Robinson et al., 2021). Seawater acquires its εNd

signal externally from weathering of lithogenic material (which is then further redistributed
internally via mixing and particle cycling), and water masses become ‘tagged’ with a
distinct εNd related to provenance (e.g. Tachikawa et al., 2017; van de Flierdt et al., 2016,
for reviews).

Figure 1.3: Neodymium isotope distributions of continental rock proximal to oceanic
margins, demonstrating the spatial heterogeneity in crustal εNd related to its age and
composition. Figure reprinted from Robinson et al. (2021).

Of the major deep-water masses, northern sourced NADW displays an εNd value of
−13.2± 0.5 (Lambelet et al., 2016), while southern sourced AABW displays an εNd value
of −9.1± 0.5 (Stichel et al., 2012; Lambelet et al., 2018). North Pacific waters in contrast
possess much more radiogenic εNd values ranging between −4 to −2 (Amakawa et al., 2009;
Fuhr et al., 2021; Behrens et al., 2018; Fröllje et al., 2016). It is the difference in εNd carried
by northern sourced, and more unradiogenic NADW, compared with southern sourced,
and comparably less radiogenic AABW (and their corresponding glacial counterparts), in
particular that has been key for many palaeoceanographic reconstructions (Frank, 2002;
Piotrowski et al., 2004; Gutjahr et al., 2008; Piotrowski et al., 2008; Roberts et al., 2010;
Lippold et al., 2016; Piotrowski et al., 2012; van de Flierdt et al., 2010; Howe et al., 2017;
Dausmann et al., 2017; Hu and Piotrowski, 2018; Jonkers et al., 2015; Wilson et al., 2015;
Xie et al., 2014; Pöppelmeier et al., 2020b; Blaser et al., 2019a).
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The first direct seawater εNd measurements were obtained in the late 1970s (Piepgras
and Wasserburg, 1980; Piepgras et al., 1979), since then, and upon the launch of the
GEOTRACES international programme in 2010 (Measures et al., 2007), which identifies
εNd as a key parameter measured on every cruise, the amount and distribution of high-quality
seawater εNd and Nd concentration ([Nd]) measurements have increased substantially from
only 54 measurements in the late 1970s to over 3,200 in 2022 (e.g., see GEOTRACES
cruise sections in Fig. 1.4 and seawater compilations by GEOTRACES Intermediate Data
Product Group, 2021; Lacan et al., 2012; Osborne et al., 2015; Tachikawa et al., 2017;
van de Flierdt et al., 2016).

Figure 1.4: GEOTRACES section cruises, where coloured lines show the sections that
are either completed (yellow), planned (red), or cruises from the International Polar Year
2007-2008 (black). Demonstrating the recent effort to map the global distribution of trace
elements and isotopes; including Nd concentration and isotopes which are measured on
every cruise. Figure reprinted from https://www.geotraces.org/.

The expanded seawater εNd database has provided novel insights into the oceanic Nd
cycle. First of all, the observed features are consistent with the conventional view that Nd
isotopes generally follow the patterns of advection, increasing along the global circulation
pathway with low εNd values in young waters of the North Atlantic and high εNd values
in old waters of the North Pacific (Fig. 1.5a); confirming the capability of marine Nd
isotopes to trace modern large-scale ocean circulation pattens.

https://www.geotraces.org/.
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Figure 1.5: Global depth profiles for measured (a) Nd isotope compositions and (b) Nd
concentrations in seawater. Colour of filled circles corresponds to different geographical
regions. Figure reprinted from van de Flierdt et al. (2016).

Comparing seawater εNd measurements with hydrography parameters (e.g., temperature,
salinity, nutrients, and oxygen) demonstrates a close correspondence of pelagic seawater
εNd (at depths > 1, 500 m) to water mass advection and mixing; suggesting these processes
are a primary control on deep-water εNd distributions (see Fig. 1.6 for correlation of
seawater εNd with nutrient parameters) (Goldstein and Hemming, 2003; Piotrowski et al.,
2008; Tachikawa et al., 2017; Hu et al., 2016; Piepgras et al., 1979; van de Flierdt et al.,
2016). However, instances where seawater εNd deviates from expected water mass mixing
do occur (highlighted by black circles in Fig. 1.6), whereby εNd evolves through non-mixing
(i.e., non-conservative) processes, eluding towards instances of local/regional detrital influence
(Wilson et al., 2012; Pearce et al., 2013; Abbott et al., 2015a; Roberts and Piotrowski,
2015; Abbott et al., 2016b; Du et al., 2016; Howe et al., 2017; Jeandel, 2016; Haley et al.,
2017; Abbott et al., 2019; Grenier et al., 2013; Lacan and Jeandel, 2005a; Grasse et al.,
2012; Tachikawa et al., 2017).
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Figure 1.6: Seawater multi-scatter plots showing the relationship between measurements
of εNd below 1,500 m and hydrography parameters (silicate and phosphate). Colour of
filled circles corresponds to different geographical regions. The almost linear relationship
of pelagic seawater εNd with nutrient hydrography parameters demonstrate the water
mass tracer properties of marine Nd isotopes. The numbered black circles show localised
areas where seawater εNd values are offset from the general trend, here (1) encompasses
measurements from the Caribbean Sea, (2) are measurements from Baffin Bay and (3) are
measurements from the Bay of Bengal. Figure reprinted from Tachikawa et al. (2017).

The ‘Nd paradox’ (Goldstein and Hemming, 2003), describes the general decoupling
between the apparently conservative behaviour of εNd and the non-conservative behaviour
of [Nd] (Fig. 1.5), which become more concentrated with increasing depth in the water
column and broadly increase along the circulation pathway, suggesting the influence of
vertical cycling of Nd via reversible scavenging processes (Bertram and Elderfield, 1993).
There is also evidence of intense non-conservative εNd processes, concentrated around
continental margins, that modify εNd without significantly affecting [Nd], acting on local
to regional scales, termed ‘boundary exchange’ (Lacan and Jeandel, 2005a; Arsouze et al.,
2009; Grasse et al., 2012; Wilson et al., 2013; Pearce et al., 2013).

More recently, there have been measurements of Nd mobilisation from sediment pore
water during early sediment diagenesis (which describes the sum of all processes and
transformations that bring about changes in sediment or sedimentary rock subsequent to
deposition in water), and suggestions this flux may act to overprint deep water mass end
member εNd signals (Abbott et al., 2015b; Abbott, 2019; Abbott et al., 2015a; Haley et al.,
2017; Du et al., 2016). A benthic flux of Nd to seawater from sediment porewater therefore
has the potential to complicate interpretations of water mass mixing from seawater εNd,
particularly if this flux is not limited by proximity to shallow continental margins (Abbott
et al., 2015b; Abbott, 2019; Abbott et al., 2015a; Haley et al., 2017; Du et al., 2016). Under
such a scenario, the Nd isotope signal of a water mass may evolve through non-mixing (i.e.,
non-conservative) processes such as a change in the magnitude and isotope composition
of a benthic flux, or a change in the exposure time of bottom water to this flux (which
may result with a change in ventilation of a deep water mass) (Abbott et al., 2015a; Haley
et al., 2017).

An important implication of a potential benthic control of Nd is that most
palaeoceanographic reconstructions discount the possibility of changes in Nd supply that



10 CHAPTER 1. INTRODUCTION

is not the result of water mass mixing or circulation, treating εNd as a fundamentally
conservative tracer (Frank, 2002). This assumption may not be valid in locations or
during periods where bottom waters are subject to benthic fluxes, for example due to
changed weathering regimes (e.g., large inputs of freshly eroded material during periods
of deglaciation) or certain environmental conditions (e.g., pH and redox conditions) that
would drive elevated fluxes. Moreover, under a benthic flux, authigenic εNd records (which
are used to reconstruct ocean circulation), may not be exclusively recording seawater
signals in certain locations if bottom water εNd signals and/or the archives themselves are
altered by such a flux (as detailed in the different frameworks for interpreting authigenic
εNd records in Fig. 1.7) (Abbott et al., 2022; Du et al., 2016; Blaser et al., 2019b).
Therefore, more careful evaluations of archived εNd signals may be required. However,
under a benthic flux driven model of marine Nd cycling, new avenues of applications of
marine Nd as a potential ocean kinematic tracer, and as a tracer of continental weathering
regimes and climate arise (Abbott et al., 2015a; Haley et al., 2017; Pöppelmeier et al.,
2020a, 2022).
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Figure 1.7: Framework for interpreting authigenic εNd records, with three end-member
scenarios; 1) ‘Traditional’ Scenario: authigenic εNd is strictly a record of bottom water
εNd, detrital εNd has no influence, 2) Benthic Flux Scenario: detrital εNd can alter the
bottom water εNd via a benthic flux, and then the authigenic εNd then records that
altered bottom water εNd (which is a function of the magnitude, exposure and character
of a benthic flux), and 3) Diagenetic Scenario: bottom water εNd is not preserved in the
authigenic εNd record which is instead strictly a function of the composition and reactivity
of the detrital components, exchanging via pore water. The relative importance of each
scenario may vary spatiotemporally. Figure reprinted from Abbott et al. (2022).

Overall, despite a wide acceptance of the water mass tracer properties of εNd, universal
understanding of the exact mechanisms controlling marine geochemical Nd cycling remains
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incomplete; making it hard to define exactly how seawater obtains its Nd isotope signal
(Abbott et al., 2015a; van de Flierdt et al., 2016; Tachikawa et al., 2017; Haley et al.,
2017). One approach for progressing our understanding of the global marine Nd cycle is
to include Nd isotopes in numerical climate models. Isotope enabled ocean models are
highly capable of filling in spatiotemporal gaps in both modern and proxy data. Moreover,
such models can be used to test assumptions underlying the application of εNd as an ocean
circulation tracer, and further are suited for exploring emerging hypotheses regarding the
influence of certain non-conservative processes (e.g., boundary exchange, benthic flux, and
particle scavenging) which may govern marine Nd isotope distributions.

1.1.4 Nd isotopes in numerical climate models

Numerical climate models represent tools designed to investigate and constrain various
Earth system processes. Varying substantially in complexity, climate models range from
simple conceptual models, designed to study individual processes in the Earth system,
to the most sophisticated and current state-of-the-art Earth System Models (ESMs).
These ESMs include the representation of biogeochemical cycles, which present important
feedback mechanisms in the dynamic response of the Earth and climate system to
perturbations (Flato et al., 2013; Shi et al., 2019; Flato, 2011; Anav et al., 2013).

Comprehensive ESMs are thus the best designed models for projecting future climate
change throughout the upcoming century under anthropogenic forcings (Flato et al., 2013).
However, owing to their complexities, ESMs demand intensive computational resource,
rendering them impractical for both large ensembles with perturbed physical parameters
(used to investigate physical controls on climate and capture sources of model uncertainty),
and for representing long-lived isotopic systems (which require millennia-length simulations)
(Shi et al., 2019). Designed more specifically for these types of experiments, a contrasting
class of models, known as Earth system Models of Intermediate Complexity (EMICs)
exist between the simplest and the most complex climate models. These models have
been applied to studies requiring larger (hundred-member) ensembles (Claussen et al.,
2002), or for long (multi-millennial) model integrations to investigate slow, millennial
scale feedbacks within the Earth system; such as those associated with ice sheet change,
stability of ocean circulation, biogeochemistry, and marine sediments (Ganopolski and
Rahmstorf, 2001; Flato et al., 2013; Ridgwell et al., 2007; Goosse et al., 2010; Huybrechts
et al., 2011). Such EMICs incorporate an almost complete description of all components
of the Earth system, but at a cost of a low resolution, reduced dimensionality, or widely
idealised and parameterised representations of complex systems.

Low resolution coupled atmosphere-ocean General Circulation Models (AOGCMs)
provide a direct line bridging the gap between ESMs and EMICs. This model class is
based upon AOGCMs, with parametrisations of physical and dynamical processes almost
identical to their parent model, allowing considerable detail in the complexity of Earth
system processes to be retained, but capable of running significantly faster due to reduced
horizontal and vertical resolution and an increased timestep (Jones, 2003). Examples of
low resolution GCMs include the Geophysical Fluid Dynamics Laboratory coupled climate
model (GFDL; Dixon et al., 2003), the Flexible Global Ocean-Atmosphere-Land system
model (FGOALS; Bao et al., 2010), the low-resolution version of the Community Climate
System Model (CCSM3; Yeager et al., 2006), the Commonwealth Scientific and Industrial
Research Organisation climate system model (CSIRO Mk3L; Phipps et al., 2011), and the
Fast Met Office/U.K. Universities Simulator (FAMOUS GCM; Jones, 2003). These models
are advantageous due to their results being directly traceable back to policy relevant
sophisticated GCMs, whilst likewise enabling rigorous testing of Earth system processes
and for parametric uncertainty quantification (Gregoire et al., 2011; Smith and Gregory,
2009; Gregoire et al., 2015; Smith et al., 2021; Jones et al., 2005).

Although not ordinarily represented in climate models, mostly due to computational
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expense, the simulation of marine Nd isotopes can offer insights into aspects of the
ocean-climate system. Neodymium isotope enabled models can be used for example to
investigate and quantify the processes and fluxes that govern marine εNd distributions,
establish the ocean circulation tracer properties of εNd, and to explore the sensitivity
of εNd distributions to different biogeochemical cycling and changed weathering regimes.
Furthermore, Nd isotope enabled ocean models can be used to diagnose physical model
biases by providing information on the pathways and rates of water mass renewal below the
surface mixed layer; details which cannot be gained from relying solely on temperature and
salinity prognostic variables alone (Broecker and Peng, 1982; England and Maier-Reimer,
2001).

Neodymium isotopes have been previously implemented in numerical climate models
(see Table 1.2 for overview and relevant references) and have contributed substantially
towards our understanding of the marine Nd cycle. It was initially thought that the
predominant lithogenic fluxes of Nd to the ocean were at the surface (aeolian dust and
riverine fluxes; Goldstein et al., 1984; Goldstein and Jacobsen, 1987). Earlier modelling
studies applying just these surface fluxes reproduced reasonable North Atlantic εNd

distributions (Bertram and Elderfield, 1993; Tachikawa et al., 1999), yet resulted in an
unrealistically high calculated residence time of Nd in seawater on the order of 5,000 years
(Bertram and Elderfield, 1993; Jeandel et al., 1995). Tachikawa et al. (2003) applied a
simple box model to explore marine Nd budgets, and demonstrated that considering only
dust and river surface inputs failed to balance both [Nd] and εNd budgets, highlighting
a ‘missing source’ of Nd to seawater that could account for ≈ 90% of the Nd flux to the
ocean (Tachikawa et al., 2003). Boundary exchange, which describes strong Nd isotopic
interactions between continental margins and water masses through the co-occurrence of
sediment dissolution and boundary scavenging, was thereafter suggested as a mechanism to
account for this ‘missing source’. Following the proposal of boundary exchange processes,
realistic global εNd distributions were then simulated in a numerical scheme representing
boundary exchange as the only Nd source-sink term (Arsouze et al., 2007). Subsequently,
boundary exchange along the continental margins has represented the major source of Nd
to seawater in more recent global Nd isotope models (Arsouze et al., 2009; Rempfer et al.,
2011; Gu et al., 2019).

However, boundary exchange alone cannot explain the measured vertical profiles of
[Nd], which are decoupled from εNd, and broadly increase with depth (i.e., the ‘Nd
paradox’: Goldstein and Hemming, 2003). Siddall et al. (2008b) first addressed numerically
the hypothesis that the ‘Nd paradox’ can be explained by a combination of lateral advection
and reversible scavenging (i.e., where the element is scavenged onto sinking particles at
the surface and is subsequently remineralised in the deep ocean) by applying the reversible
scavenging model pioneered by Bacon and Anderson (1982) to Nd cycling. Their findings
demonstrated that reversible scavenging could drive the increase of [Nd] with depth, but
still allow εNd to act as an effective water mass tracer. Yet the use of over-simplified fixed
surface boundary conditions in the model by Siddall et al. (2008b) limited what could be
determined about the full marine Nd cycle.

Amid a recent transition towards increased complexity, both in terms of the type
of model used (shifting from simplified box-models to full complexity ocean GCMs) and
the increasingly detailed descriptions of the marine Nd cycle, the most sophisticated Nd
isotope enabled models now explicitly simulate each Nd isotope (143Nd and 144Nd). This
representation of both individual Nd isotopes allows for a simultaneous representation of
both [Nd] and εNd, facilitating a more direct representation of the major sources, sinks
and cycling believed to govern marine εNd (Fig. 1.8), and the exploration of its sensitivity
to physical ocean circulation.
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Table 1.2: Overview of existing Nd modelling studies
Model Resolution Levels Nd Sources (g yr−1) Residence

time
Isotope
model

Reference

Dust
source

Riverine
source

Sediment
source

Total Nd
source

Box models

Based
on model
described in
Keir (1988)

7 boxes NA 8.0 × 107 NA NA 8.0 × 107 2900 εNd only Bertram and
Elderfield (1993)

PANDORA 10 boxes NA 4.0 × 108 5.0 × 108 8.1 × 109 9.0 × 109 490 εNd only Tachikawa et al.
(2003)

Based on
model
described
in Talley
(2013)

4 boxes NA 1.2 × 108 4.87 × 108 1.12×1010 1.18×1010 350 εNd only Du et al. (2020)

Steady state

MITgcm2.8 2.8◦ by 2.8◦ 15 No explicit
Nd model

NA NA NA NA εNd only Jones et al. (2008)

MITgcm2.8 2.8◦ by 2.8◦ 15 Surface
boundary
condition

NA NA NA 500 εNd only Siddall et al.
(2008b)

Boundary propagation models

NA 4◦ by 4◦ 33 No explicit
Nd model

NA NA NA NA εNd only Du et al. (2020)

GNOMv1.0
embedded
into OCIM
v2.0

2◦ by 2◦ 24 3.44 × 109 1.35 × 109 4.59 × 109 9.47 × 109 440 [Nd],
εNd

Pasquier et al.
(2021)

General circulation models

ORCA2 2◦ by 2◦ 30 NA NA NA NA NA εNd only Arsouze et al.
(2007)

ORCA2 2◦ by 2◦ 31 1.0E8 2.6 × 108 1.1 × 1010 1.14×1010 360 143Nd,
144Nd

Arsouze et al.
(2009)

ORCA025 0.25◦ by 0.25◦ 46 NA NA NA NA NA εNd only Arsouze et al.
(2010)

Bern3D 36 by 36 grids 32 2.6 × 108 3.4 × 108 5.5 × 109 6.1 × 109 700 43Nd,
144Nd

Rempfer et al.
(2011)

POP2 3◦ by 3◦ 60 2.1 × 108 1.3 × 109 4.0 × 109 5.51 × 109 785 43Nd,
144Nd

Gu et al. (2019)

Bern3D 36 by 36 grids 32 5.0 × 108 1.77 × 109 3.3 × 109 5.5 × 109 690 43Nd,
144Nd

Pöppelmeier et al.
(2020a)

COCO 120 by 128
grids

40 NA NA NA NA 400 [Nd]
only

Oka et al. (2021)

Figure 1.8: A qualitative summary of the major Nd sources and processes believed to
govern marine Nd concentrations and isotope distributions. Figure based on data from
GEOTRACES (http://www.geotraces.org/) and reprinted from Tachikawa et al. (2020)
to summarise the oceanic Nd cycle. The relative importance of the various sources/sinks
and internal cycling remains unknown.

http://www. geotraces.org/
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Arsouze et al. (2009) first applied a fully prognostic coupled dynamic and biogeochemical
model to simulate [Nd] and εNd, representing individual sources of Nd to seawater from
dust deposition, dissolved riverine input, boundary exchange, and a sink of Nd via reversible
scavenging and sedimentation. In this study, boundary exchange from the continental
margins was found to represent the major source of Nd to seawater (contributing 95%
of the total source). However, the high computational cost of the model, alongside
time constraints, limited the number of sensitivity tests and model optimisation that
could be achieved in this study. Rempfer et al. (2011) thereby extended upon this
work, undertaking a more detailed investigation of the marine Nd cycle using a coarse
resolution intermediate complexity model (Bern3D ocean model). By performing extensive
and systematic sensitivity experiments (running over 250 simulations), the authors here
were able to calibrate the scheme and explore the sensitivity of [Nd] and εNd to the
parameterisation of different sources and sinks of Nd. This scheme was then closely
followed by the implementation of Nd isotopes into the ocean component of a more
comprehensive Earth System Model (ESM, specifically the Community Earth System
Model: CESM1.3) by Gu et al. (2019). This more complex model, which accounts for
different deep-water source regions, facilitated idealised hosing experiments used to explore
the expected effects of ocean circulation changes on end member εNd signals.

Following emerging suggestions that a benthic flux of Nd from sedimentary pore fluids
may pose a new, potentially major, seafloor-wide source of Nd to seawater, simple box
models have since been employed to investigate, to a first order, the non-conservative
effects from such a flux (Du et al., 2016, 2018, 2020; Haley et al., 2017; Pöppelmeier et al.,
2020b). Findings from these studies suggest a benthic flux can overprint the εNd signal of
a deep-water mass, the extent of which being linked to benthic flux exposure time and the
difference between the εNd of the benthic flux and bottom water. However, these simplistic
models lack both a detailed description of the marine Nd cycle and of physical ocean
circulation and climate interactions, which are important factors required to determine
precisely how, and under what physical/environmental conditions, the benthic flux may
govern εNd distributions. Commencing more detailed investigations of the benthic flux
hypothesis, Pöppelmeier et al. (2021a) updated the Nd isotope scheme in the Bern3D
model, hereby removing the depth limitation of the boundary exchange (previously 3
km) to represent a constant seafloor-wide benthic flux. The scheme was then applied to
explore non-conservative Nd isotope behaviour under different ocean circulation regimes
(Pöppelmeier et al., 2022). Here, the authors demonstrated although the benthic flux was
a major source of Nd to seawater, alone it cannot explain all non-conservative marine Nd
isotope behaviour, highlighting the importance of downward vertical fluxes via reversible
scavenging. Nonetheless, the low horizontal resolution of the intermediate complexity
model limits a full resolution of key circulation patterns such as distinct deep-water
formation in the Labrador and in the Nordic Seas, inhibiting the capabilities of the scheme
to fully capture and explore water mass end member εNd distributions.

In closing, despite considerable efforts to explicitly constrain and describe seawater Nd
budgets, outstanding questions remain. Moreover, the demand for higher computational
power required by the increasing sophistication and complexity of Nd isotope schemes
has meant only a handful of studies performed optimisation for their input parameters
within their relevant host ocean GCM models (e.g. in the ocean components of the
Bern3D model; Pöppelmeier et al., 2020b; Rempfer et al., 2011, and CESM1; Gu et al.
2019). Such schemes applied resource intensive systematic tuning (i.e., running over 100
simulations), using suboptimal space filling design methodologies that may also lead to
inefficient exploration of the input space. In addition, some of these calibrated models
were restricted by previous assumptions regarding the dominating processes involved in the
marine Nd cycle, which limited the development of appropriate model boundary conditions
– notably here, an assumption that particle-seawater interaction is constrained to shallow
continental margins.
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A proliferation of recent investigations into particle-seawater Nd interactions in seawater
(e.g., Abbott et al., 2019, 2015a,b; Paffrath et al., 2021; Rahlf et al., 2020, 2021; Rousseau
et al., 2015; Stichel et al., 2020; Wang et al., 2021), alongside an ever-growing body of
high-quality and highly-resolved seawater measurements of [Nd] and εNd, now presents
an opportunity to re-evaluate, revise and explore constraints on the marine Nd cycle.
Hereby allowing for more detailed investigations to challenge the contemporary paradigms
regarding the modern marine Nd cycle.

At present there is a gap in the toolkit for modelling the marine Nd cycle between
the class of high complexity, state-of-the-art ESMs (e.g., Gu et al., 2019) and the more
efficient intermediate complexity models (e.g., Rempfer et al., 2011; Pöppelmeier et al.,
2020a). To bridge this gap, there is a need for a model with the full complexity of an
Atmosphere-Ocean General Circulation Model (AOGCM), allowing the exploration of how
Nd isotopes vary under changing climate conditions (including extensive palaeoceanographic
applications), that is also capable of running very quickly to facilitate efficient parameter
space exploration, performance optimisation and long integrations.

1.2 Research aim and overall approach

The overarching aim of this thesis is:

To investigate and constrain the global marine Nd cycle within a fast, full complexity
general circulation model, and apply uncertainty quantification techniques to facilitate

parameter space exploration and calibration

To address this aim, I present the first implementation of marine Nd isotopes (143Nd
and 144Nd) into the UK Met Office Unified Model version 4.5 (UM4.5; Valdes et al.,
2017), revisiting and updating the sources, sinks and transformation of this tracer in line
with increased measurements and current findings relating to the global marine Nd cycle.
Aeolian dust fluxes, riverine inputs, and dissolution of seafloor sediment (i.e., boundary
exchange and benthic flux) represent the three major simulated sources of Nd to seawater.
Internal vertical cycling and removal of Nd from the ocean is simulated via reversible
scavenging onto sinking particles and sedimentation. The Nd isotope scheme is evaluated
against modern measurements of Nd concentration and isotope distributions, and the
optimised scheme is applied to explore and constrain the global marine Nd cycle.

1.2.1 Choice of model

Chapters 3 and 4 of this thesis use the Fast Met Office/U.K. Universities Simulator
(FAMOUS; Jones et al., 2005; Smith et al., 2008; Williams et al., 2013; Smith, 2012), a
fast coupled atmosphere-ocean GCM, which is a lower resolution version of the HadCM3
climate model (Gordon et al., 2000; Pope et al., 2000). Both FAMOUS and its parent
model HadCM3 are configurations of version 4.5 of the UK Met Office Unified Model
(UM4.5: Gordon et al., 2000; Valdes et al., 2017). The atmospheric model is based
on quasi-hydrostatic primitive equations, with a horizontal resolution of 5◦ latitude by
7.5◦ longitude and has 11 vertical levels on a hybrid sigma-pressure coordinate system,
operating on a 1-hour timestep. The rigid-lid ocean model is based upon the widely
used Bryan and Cox code (Bryan, 1969; Cox, 1984) and has twice the resolution of the
atmosphere, with a horizontal resolution of 2.5◦ latitude by 3.75◦ longitude and 20 vertical
levels, spaced unequally in thickness from 10 m at the near-surface ocean to over 600 m
at deep ocean depths, operating on a 12-hour timestep. The atmosphere and the ocean
are coupled once per day, and due to using approximately half the horizontal resolution of
HadCM3 alongside an increased timestep, FAMOUS requires around one tenth of the
computational resources. Land processes are modelled with either static or dynamic
vegetation via the Met Office Surface Exchange Scheme MOSES1 and MOSES2 land
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surface scheme (Cox et al., 1999; Essery et al., 2001, 2003).

FAMOUS has been tuned and optimised through various procedures to reproduce the
equilibrium climate and climate sensitivity of HadCM3, and to further reduce the original
northern high latitude cold bias (Jones et al., 2005; Smith et al., 2008; Gregoire et al., 2011;
Williams et al., 2013). Despite its lower resolution, the resultant climatology in FAMOUS
performs much greater than expected, yielding a good representation of large-scale features
of the climate-system over both terrestrial and marine realms (Jones et al., 2005; Valdes
et al., 2017). Notably here the performance of the atmosphere-ocean components, common
to both HadCM3 and FAMOUS, and in regard to large-scale climate measures, place them
within comparable accuracy of the best performing and policy relevant climate models (e.g.
CMIP5 models) (Williams et al., 2013; Valdes et al., 2017). Furthermore, ocean circulation
in FAMOUS has simulated maximum Atlantic Meridional Overturning (AMOC) stream
functions of 12-17 Sv (Valdes et al., 2017), which are comparable to modern observations
of 14-19 Sv (Talley, 2013; Smeed et al., 2014). When run under a full suite of oceanic
tracers, FAMOUS is capable of simulating roughly 400 model years per wall clock day or
more, more than five times the speed of HadCM3.

The combination of speed and complexity inherent to FAMOUS makes it an invaluable
tool that has been widely applied to addressing major research questions regarding Earth
system interactions, alongside tackling parametric uncertainty, and forming the main
motivation for its use within this thesis. For example, FAMOUS has been successfully
applied to simulating the first transient simulation of the last glacial cycle (120 ka) (Smith
and Gregory, 2012), the response of the Earth system to the relative roles of greenhouse
gas concentrations and orbital forcing during the last deglaciation (21-7 ka) (Gregoire
et al., 2016) and to investigate meltwater fluxes (Smith and Gregory, 2009), alongside
studies coupled to ice sheet models (Gregory et al., 2012; Smith et al., 2021). Further
applications of FAMOUS include investigations of deeper time climate using perturbed
parameter ensembles (Early Eocene; Sagoo et al., 2013), studying extra-terrestrial climate
impacts (Joshi et al., 2017), assessing the stability of ocean circulation under salinity
drifts (Dentith et al., 2019), large initial condition ensembles (Hawkins et al., 2016), and,
following the implementation of carbon isotopes into the ocean component of FAMOUS,
exploring marine biogeochemical cycles relevant for the marine carbon cycle (Dentith et al.,
2020).

Thus, FAMOUS is an ideal and well-suited choice for model development and
optimisation involving numerous simulations which require full multi-millennial integrations
of the deep ocean circulation. FAMOUS provides an optimal tool for answering outstanding
questions and exploring new hypotheses regarding the global marine Nd cycle. Furthermore,
the new Nd isotope scheme will be directly transferrable into the higher resolution HadCM3
model for future scientific applications.

1.3 Research questions

The overall aim of this thesis has been broken down to form three research questions which
are investigated throughout the work presented in this thesis:

RQ1) How accurately can modern Nd isotope distributions be simulated in a fast coupled
atmosphere-ocean general circulation model?

RQ2) What are the limitations of the Nd isotope scheme, and do they challenge the
general assumptions underpinning the interpretive framework of marine Nd cycling and
its fundamental applications as a robust ocean circulation tracer?

RQ3) To what extent can a seafloor-wide benthic flux explain non-conservative behaviour
of Nd isotopes under a global model of marine Nd cycling, and to what extent can global
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bulk sedimentary εNd distributions represent a labile sedimentary flux to seawater?

1.4 Research objectives

To investigate the research questions identified above (Sect. 1.3), I have identified five
research objectives (Table 1.3) to be met by my thesis research chapters; Chapters 2, 3,
and 4.

Table 1.3: Research objectives and the chapters in which they are applied
Research objectives Thesis chapter(s)

OBJ1) Estimate the bulk εNd distributions of seafloor detrital
sediment across the continental margins and seafloor

2

OBJ2) Implement Nd isotopes into a fast coupled
atmosphere-ocean general circulation model, revisiting and
updating key source and sink parameters

3

OBJ3) Explore the sensitivity of simulated Nd isotope
distributions to different components of the marine Nd cycle

3, 4

OBJ4) Statistically optimise the Nd isotope scheme to best
represent the modern marine Nd cycle

4

OBJ5) Investigate the spatial extent and preferential mobilisation
of certain reactive sediment components from a benthic flux under
a global model of the marine Nd cycle

4

1.4.1 OBJ1: Estimate the bulk εNd distributions of seafloor detrital
sediment across the continental margins and seafloor

1.4.1.1 Scientific background

In response to increased evidence of intense dissolved/particulate exchange of Nd occurring
along the continental margins (i.e. boundary exchange), and suggestions this process is
important for governing marine εNd distributions, Jeandel et al. (2007) produced a map
characterising the global εNd signal of the continental margins. The map incorporated a
compilation of ≈ 200 published sedimentary εNd measurements, and pioneered numerous
investigations within numerical schemes that applied the εNd distributions as boundary
conditions to explore the role of boundary exchange within the marine Nd cycle (e.g.,
Arsouze et al., 2009, 2007; Gu et al., 2019; Rempfer et al., 2011). However, data limitations
when the map was produced meant that broad estimates had to be made when characterising
the εNd signal of the continental margins, especially around Alaska, northern Eurasia,
Pakistan, Cameroon, Somalia, and Brazil. Moreover, this data product is now 15 years
old, and since its creation, there has been a substantial increase in the amount and
spatial extent of published detrital εNd measurements. As such an updated synthesis
of all published sedimentary εNd to date is needed.

Furthermore, emerging hypotheses that suggest a globally widespread abyssal benthic
flux of Nd from seafloor sediment to seawater may govern the marine εNd cycle, brings forth
the requirement for updated global maps of sedimentary εNd (Haley et al., 2017; Abbott
et al., 2015b). Now, and to facilitate the exploration of a benthic Nd flux within numerical
models, the εNd characterisation of the sediment needs to extend across the entire seafloor.
Such updated maps would provide the crucial model pre-requisites required to determine
whether a shift towards a benthic flux driven model of the marine Nd cycle can represent
Nd isotope distributions, and what this means for the water mass tracer properties of εNd.

Ideally pore water εNd measurements, which record most directly the labile Nd from
detrital material into pore waters, would be most representative of Nd interactions across



1.4. RESEARCH OBJECTIVES 19

the sediment-water interface (Du et al., 2020; Abbott et al., 2015a). However, to date these
measurements are very spatially limited, with just three published measurements from sites
in the North Pacific on the continental margins (Abbott et al., 2015a). Published detrital
sediment εNd measurements, which are both a lot more abundant and have a greater
spatial coverage across the global seafloor, therefore provide the current most practical
solution to this global ocean pore water data sparsity.

1.4.1.2 Research approach

Chapter 2 provides a new extensive and up-to-date compilation of over 5,100 terrestrial
and marine sediment εNd measurements, synthesising both published and new data.
Global maps characterising the εNd signal of (1) all outcropping rock surrounding the
oceans and the continental margins, and (2) abyssal seafloor sediments were produced.
Here, the updated database was first filtered to include only Holocene measurements
(specifically 11.7 ka to present), and then these discrete points were interpolated to create
spatially continuous distributions. The continental margin and seafloor εNd maps were
then combined to produce high resolution (0.5◦ × 0.5◦) spatially continuous global maps
of εNd across the entire sediment-water interface.

1.4.2 OBJ2: Implement Nd isotopes into a fast coupled atmosphere-ocean
general circulation model, revisiting and updating key source and
sink parameters

1.4.2.1 Scientific background

In the early 2000s, there was a concentrated wave of Nd isotope numerical modelling
studies which began efforts to quantitively constrain the processes governing the global
marine Nd cycle (Tachikawa et al., 2003; Siddall et al., 2008a; Arsouze et al., 2009; Rempfer
et al., 2011). However, in light of the recently emerging hypotheses surrounding the
dominating mechanisms involved in marine Nd cycling (Abbott et al., 2015a,b; Haley
et al., 2017; Rousseau et al., 2015; Stichel et al., 2020; Wang et al., 2021; Rahlf et al.,
2020, 2021), alongside a substantial increase in marine εNd measurements (GEOTRACES
Intermediate Data Product Group, 2021; Tachikawa et al., 2017; van de Flierdt et al.,
2016), it is now time to revisit and revise a number of outdated critical parameters
(e.g., Nd source functions and distributions and water column processes). By exploring
fundamental perceptions used to describe marine Nd isotope distributions, we can develop
robust constraints on how, and where, they translate to ocean circulation properties.

1.4.2.2 Research approach

New code to implement Nd isotopes (143Nd and 144Nd) as optional passive tracers into the
ocean component of the fast FAMOUS GCM was developed and is presented in Chapter
3, representing three global sources of Nd into seawater: aeolian dust flux, dissolved
riverine input and dissolution of seafloor sediment, and represents internal cycling and
sedimentation processes via reversible scavenging. The Nd isotope scheme starts from
previous implementations (Rempfer et al., 2011; Gu et al., 2019; Pöppelmeier et al., 2020a;
Arsouze et al., 2009; Siddall et al., 2008b), but revisits and updates all the model boundary
conditions and code in line with increased measurements and recent findings relating to
global marine Nd cycling (Blanchet, 2019; Robinson et al., 2021; Haley et al., 2017; Siddall
et al., 2008b; Arsouze et al., 2009).

The scheme is validated against the most up-to-date global compilation of seawater
measurements of [Nd] and εNd to date (Osborne et al., 2015, 2017; GEOTRACES Intermediate
Data Product Group, 2021), with a focus on describing the ability of the model to represent
appropriate global Nd inventories and key spatial and vertical distributions across ocean
basins.
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1.4.3 OBJ3: Explore the sensitivity of simulated Nd isotope distributions
to different components of the marine Nd cycle

1.4.3.1 Scientific background

Of the major input pathways and cycling of marine Nd in the global ocean (Fig. 1.8),
the seafloor sedimentary flux and reversible scavenging represent two major and largely
unconstrained non-conservative processes believed to govern marine Nd isotope distributions
(Haley et al., 2017). Furthermore, they challenge the simplified conservative assumptions
of marine Nd cycling in the open ocean. In detail, a seafloor sedimentary flux, refers to a
multitude of ‘hard to disentangle’ processes occurring across the sediment-water interface,
encompassing boundary exchange (Lacan and Jeandel, 2005a), submarine groundwater
discharge (Johannesson and Burdige, 2007), and a benthic flux released from pore waters
(Abbott et al., 2015a), presenting a direct major deep ocean source of Nd. On the other
hand, reversible scavenging refers to absorption/incorporation and desorption/dissolution
of Nd onto particle surfaces throughout the water column, which transfers Nd internally
into deeper water masses (Bacon and Anderson, 1982; Siddall et al., 2008b). Both these
processes, and how they influence marine εNd are a hot topic of debate within the community,
yet suffer from limited process-based observations (Abbott et al., 2015a; Abbott, 2019;
Stichel et al., 2020; Wang et al., 2021), and a lack of consensus regarding complete process
descriptions (Homoky et al., 2016). As such, questions remain regarding how much, where,
and under what environmental conditions they govern seawater εNd distributions, and
ultimately what this means for the interpretation of marine εNd and its archives as an
oceanographic tracer.

Nd isotope enabled ocean models, which explicitly attempt to describe the individual
sources and sinks of Nd, are suited to exploring the relative importance of different
processes understood to govern the marine Nd cycle. By better understanding model
behaviour and performance of isotope enabled schemes, we can aim to determine more
completely the locations/conditions where non-conservative processes, such as sedimentary
Nd fluxes and reversible scavenging may or may not govern marine εNd over water mass
mixing.

1.4.3.2 Research approach

Sensitivity experiments were performed using the Nd isotope scheme in FAMOUS in
Chapter 3 to isolate and explore the physical effects of systematically varying individual
model parameters that represent: (1) the efficiency of reversible scavenging and
sedimentation and, (2) the magnitude of the sedimentary flux to seawater. Simulated Nd
concentration and isotope distributions were assessed between the sensitivity experiments
and against modern seawater measurements (Osborne et al., 2015, 2017; GEOTRACES
Intermediate Data Product Group, 2021), exploring how model sensitivity to different
parameter values influenced the ability of the model to produce spatial and vertical
distributions consistent with the observational data. The results from the sensitivity
analysis were contextualised through comparisons to previous Nd isotope schemes and
their reported model sensitivities (Rempfer et al., 2011; Pöppelmeier et al., 2020a; Arsouze
et al., 2009; Siddall et al., 2008b). Finally, how, and where these parameters can govern
marine [Nd] and εNd distributions was explored.

In Chapter 4, further sensitivity simulations were performed to explore the spatial
extent and preferential mobilisation of certain reactive sediment components under a
seafloor-wide sediment source of Nd to seawater (described in detail in OBJ5).
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1.4.4 Statistically optimise the Nd isotope scheme to best represent the
modern marine Nd cycle

1.4.4.1 Scientific background

The application of Nd isotope enabled ocean models to describe and investigate complex
geochemical processes governing its cycling introduces several sources of uncertainty. Despite
a general consensus surrounding the broad qualitative descriptions of the major source/sink
pathways (Fig. 1.8), a full quantitative model of the marine Nd cycle has yet to be fully
established, and hypotheses regarding the dominant processes involved are still emerging
(e.g., Abbott et al., 2015a, 2019; Du et al., 2020; Haley et al., 2017, 2021; Jeandel, 2016;
Johannesson and Burdige, 2007; Rousseau et al., 2015; Siddall et al., 2008b).

Furthermore, due to model resolution combined with incomplete process knowledge,
the representation of different Nd source and sinks in ocean models requires parameterisation
(Rempfer et al., 2011; Siddall et al., 2008b; Arsouze et al., 2009; Gu et al., 2019; Pöppelmeier
et al., 2020a, 2022). Model parametric uncertainty requires detailed exploration before a
new scheme can be confidently utilised for scientific investigation. Moreover, without
sufficient exploration of parametric uncertainty, it is not possible to determine if model
discrepancy with observations is due to limitations of the scheme or suboptimal tuning.

To date only a few Nd isotope schemes have attempted to systematically optimise
their input parameters within their relevant host GCMs in order to best represent modern
Nd isotope distributions (e.g. in the ocean components of the Bern3D model; Pöppelmeier
et al., 2020b; Rempfer et al., 2011, and CESM1; Gu et al. 2019). Moreover, due to the
different architecture and resolution of ocean models hosting Nd isotope schemes, coupled
with the various approaches and assumptions applied to represent the sources and sinks
of marine Nd (e.g., different imposed boundary conditions, Nd source/sink assumptions),
the optimised parameter values for one model will not necessarily represent the optimum
parameters for another.

Statistical surrogate models, also known as emulators, have been developed to overcome
the demand for time and computational resources necessary for the optimisation of complex
numerical models like isotope enabled GCMs. Gaussian Process (GP) emulators describe a
stochastic representation of computer code which facilitates a fast prediction of the model
response to inputs (model parameters) and a probabilistic quantification of the uncertainty
on that prediction (Rasmussen and Williams, 2006; Astfalck et al., 2019). This makes them
valuable, flexible, and analytically traceable tools, especially when used with maximised
and composite parameter space filling designs that effectively explore model parameter
space for model calibration (Williamson, 2015).

To date no Nd isotope scheme has applied a GP emulator to effectively explore the
uncertainty and subsequently optimise their key parameter values to best represent the
modern marine Nd cycle within a fast full complexity GCM. The benefits from this include
improved constraints on marine Nd budgets, the disentangling of key non-conservative
processes, and how they govern marine Nd isotope distributions, particularly in light of
the recently hypothesised benthic flux driven model of marine Nd cycling (Haley et al.,
2017; Abbott et al., 2015a, 2019; Du et al., 2020). Additionally, limitations which cannot
be resolved through parameter optimisation can help guide community focus towards
resolving certain assumptions which underpin the interpretive framework of marine Nd
cycling through more detailed investigations and measurements.

1.4.4.2 Research approach

To statistically optimise the Nd isotope scheme in FAMOUS to best represent the modern
marine Nd cycle, a GP emulator was utilised in Chapter 4 to examine the not-ruled-out-yet
parameter space of three key previously unconstrained parameters detailing: (1) the
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reversible scavenging efficiency, (2) the magnitude of the sedimentary flux to seawater and,
(3) a riverine scaling accounting for the additional release of Nd from river particulates.

A multi-wave ensemble approach comprising 23 simulations was applied to the
investigation, and combinations of parameter values were selected by applying an effective
space filling design methodology (Williamson, 2015). An exploration of where the parameters
dominated the simulated variability in model output of global Nd inventory, residence time
and model fit to measurements of both Nd concentration and isotope distributions was
undertaken. Following the uncertainty investigation, we applied an updated GP emulator
to determine the parameter combinations for an optimised reference simulation, based
upon minimising a loss function used to define model skill in representing measurements
of marine [Nd] and εNd (Osborne et al., 2015, 2017; GEOTRACES Intermediate Data
Product Group, 2021). The optimised simulation was then assessed in detail against
modern seawater measurements to explore how the calibrated scheme captures the global
distributions and key features of the modern marine Nd cycle, including where distributions
are representative of distinct water mass εNd properties.

1.4.5 OBJ5: Investigate the spatial extent and preferential mobilisation
of certain reactive sediment components from a benthic flux under
a global model of the marine Nd cycle

1.4.5.1 Scientific background

The distinct labelling of seawater εNd by lithogenic Nd inputs forms its foundations as an
ocean circulation tracer (Goldstein and Hemming, 2003; Frank, 2002). Under a benthic flux
driven model of marine Nd cycling, the global distribution of mobile seafloor sedimentary
Nd phases effectively sets the ‘blueprint’ for seawater εNd, which is then redistributed via
ocean circulation (Robinson et al., 2021; Abbott et al., 2019; Du et al., 2020; Haley et al.,
2017). Yet, due to an incomplete understanding of the how these elements fractionate
during dissolution (Pearce et al., 2013), there remains no detailed mechanistic model of
the sedimentary Nd source to seawater.

Preferential release of Nd from minor ‘reactive’ components of the bulk sediment have
been observed both in seawater and in the laboratory (Wilson et al., 2013; Pearce et al.,
2013; Jeandel and Oelkers, 2015; Abbott et al., 2016b; Rousseau et al., 2015; Elmore et al.,
2011). In some instances this could result in the pore water εNd signal which is interacting
with seawater being noticeably different to the bulk sediment signal (Abbott et al., 2015a;
Wilson et al., 2013; Du et al., 2016). To better understand the mobile sedimentary Nd
phases that could be interacting with seawater, substantial and detailed further analysis of
global sediment compositions, inputs, transport history, ageing, mineral chemistry, local
pore water chemistry and redox state are necessary, requiring a full community effort (Du
et al., 2020).

Furthermore, it remains unknown whether the chemical transfer of Nd across the
sediment-water interface occurs primarily across the continental margins (proximal to
substantial influxes of distinct and poorly chemically weathered lithogenic sediment, with
high eddy kinetic energy, and high detrital and biogenic particle concentrations that drive
rapid particle-seawater exchange reactions: Jeandel 2016; Jeandel and Oelkers 2015; Lacan
and Jeandel 2005a; Rousseau et al. 2015; Tachikawa et al. 2003), or concentrated across
the remote abyssal seafloor (characterised by fine grained sediment with high sediment
reactivities and long term benthic flux exposures: Abbott 2019; Abbott et al. 2019, 2015a;
Du et al. 2016).

Recent investigations using box models and EMICs are now beginning to explore the
non-conservative effect of a benthic flux under a global model of marine Nd cycling on
seawater and authigenic εNd (Pöppelmeier et al., 2020a, 2022; Pasquier et al., 2021; Du
et al., 2020; Abbott et al., 2015a, 2022; Du et al., 2016, 2018). Understanding the response
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and sensitivity of seawater εNd to different mobile sedimentary Nd isotope distributions
using a sophisticated fast GCM can build upon these latest efforts, and further seek to
globally contextualise where and under what conditions seawater εNd is most sensitive
to a benthic flux. Accordingly, exploring regions where simulated seawater εNd is most
sensitive to modified benthic fluxes can result in a better focus of future studies towards
regions where more constraints on the benthic flux are required, and alternatively where
fully resolving a benthic flux may not be important for describing seawater εNd.

1.4.5.2 Research approach

Quasi-idealised sensitivity studies using the optimised reference Nd isotope simulation in
FAMOUS are applied in Chapter 4 to test three different global seafloor sediment εNd

distributions which are applied as model boundary conditions for the simulated sediment
Nd flux to seawater. The first mobile sediment map represents the estimated bulk sediment
εNd distributions of the continental margins and seafloor as presented in Chapter 2. The
subsequent two maps impose modifications of increasing magnitude to the soluble εNd

from localised regions in the Pacific and North Atlantic, herby exploring where more
extreme and highly reactive sediment phases relative to the bulk sediment may be driving
global sediment-seawater interactions under a benthic flux model of marine Nd cycling.
A final sensitivity experiment explores the response of seawater εNd under a continental
margin constrained versus a seafloor-wide benthic flux. Simulated εNd across ocean basins
and depths are analysed between the sensitivity simulations and against modern seawater
measurements (Osborne et al., 2015, 2017; GEOTRACES Intermediate Data Product
Group, 2021).

1.5 Thesis structure

The subsequent three results chapters form the main body of this thesis (Chapters 2,
3 and 4). They are composed of journal manuscripts at different stages of publication
and have either already been published (Chapter 2; Robinson et al. (2021)) or have been
submitted to peer-reviewed journals (Chapter 3; Robinson et al. (2022a)) and (Chapter
4; Robinson et al. (2022b)). The results chapters tackle the five research objectives of the
thesis (Sect. 1.4) and are ultimately used to answer the three research questions (Sect.
1.3). The research questions transpose across all the results chapters (Chapters 2, 3 and
4) and are addressed in detail in the conclusions chapter (Chapter 5).

Chapter 2/Robinson et al. (2021), Global continental and marine detrital εNd: An
updated compilation for use in understanding marine Nd cycling, addresses OBJ1. This
chapter presents an extensive global compilation of publised and new sedimentary Nd
isotopic measurements, used to construct gridded global maps characterising the bulk Nd
isotope distibutions across the entire sediment-ocean interface. The content of this chapter
is from a manuscript published in Chemical Geology in 2021 (Robinson et al., 2021).

Chapter 3/Robinson et al. (2022a), Simulating neodymium isotopes in the ocean component
of the FAMOUS general circulation model (XPDAA): sensitivities to reversible scavenging
efficiency and benthic source distributions, addresses OBJ2 and OBJ3. This chapter
presents the implementation of Nd isotopes into the ocean component of a fast coupled
AOGCM (FAMOUS). The content of this chapter is from a manuscript submitted to
Geoscientific Model Development (Robinson et al., 2022a).

Chapter 4/Robinson et al. (2022b), Optimisation of the Nd isotope scheme in the
ocean component of the FAMOUS general circulation model, addresses OBJ2, OBJ4, and
OBJ5. This chapter presents an optimisation of the Nd isotope scheme in FAMOUS. The
optimised scheme is applied to investigate the spatial extent and regional mobilisation of
reactive detrital sediment components. The content of this chapter is from a manuscript
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submitted to Biogeosciences (Robinson et al., 2022b).



Chapter 2

Global continental and marine
detrital εNd: an updated
compilation for use in
understanding marine Nd cycling

Abstract

Understanding the role of sediment-water interactions in the oceanic cycling of
neodymium (Nd) isotopes is essential for its reliable use as a modern and palaeoceanographic
tracer of ocean circulation. However, the exact processes that control Nd cycling in the
ocean are poorly defined and require an up-to-date knowledge of the sources, sinks and
transformation of this tracer to and within the ocean (e.g. as per the GEOTRACES core
mission). We propose a considerable improvement of Nd source identification by providing
an extensive and up-to-date compilation of published terrestrial and marine sedimentary
Nd isotopic measurements. From this database, we construct high resolution, gridded,
global maps that characterise the Nd isotopic signature of the continental margins and
seafloor sediment. Here, we present the database, interpolation methods, and final data
products. Consistent with the previous studies that inform our compilation, our global
results show unradiogenic detrital Nd isotopic values (εNd ≈ −20) in the North Atlantic,
εNd values of ≈ −12 to −7 in the Indian and Southern Ocean, and radiogenic values
(εNd ≈ −3 to +4) in the Pacific. The new, high-resolution interpolation is useful for
improving conceptual knowledge of Nd sources and sinks and enables the application of
isotope-enabled ocean models to understand targeted Nd behaviour in the oceans. Such
applications may include: examining the strength and distribution of a possible benthic
flux required to reconcile global Nd budgets, establishing the potential use of Nd isotopes as
a kinematic tracer of ocean circulation, and a general quantification of the non-conservative
sedimentary processes that may contribute to marine Nd cycling.

2.1 Introduction/ Background

The Nd isotope composition of seawater is typically expressed in the epsilon notation
(εNd), denoting the deviation of a sample’s 143Nd/144Nd ratio from the chondritic uniform
reservoir (CHUR) or bulk earth ratio of 0.512638 in parts per 10,000 (Jacobsen and
Wasserburg, 1980):

εNd =

(
(143Nd/144Nd)sample

(143Nd/144Nd)CHUR
− 1

)
× 104, (2.1)
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εNd varies with the age and composition of Earth’s crust (Goldstein and Hemming, 2003),
such that different regions have distinct εNd signatures. Older continental crust generally
has a more negative (i.e. ‘unradiogenic’) εNd signature compared with younger mantle
derived material, as demonstrated in the compilation by Jeandel et al. (2007).

This spatial heterogeneity in crustal εNd and the dominance of crustal sources of Nd to
the ocean forms the foundation of the use of εNd as a water provenance tracer. Neodymium
has a shorter deep-ocean residence time than the typical global ocean mixing time (≈ 1,500
years) (Arsouze et al., 2009; Goldstein and Hemming, 2003; Lynch-Stieglitz and Marchitto,
2003; Rempfer et al., 2011). As such, different water masses in the ocean are categorised
by distinct εNd that is derived from chemical weathering of the continents (Goldstein
and Hemming, 2003; Lacan and Jeandel, 2005a; Tachikawa et al., 2003). This isotopic
signature is then redistributed via advection. Thus, water column εNd measured in-situ
for the present day or in sedimentary/seafloor archives for the past has been observed to
track basin-scale ocean transports such as meridional overturning circulation (e.g. Basak
et al., 2015; Dausmann et al., 2017; Howe et al., 2016; Hu and Piotrowski, 2018; Jonkers
et al., 2015; Pöppelmeier et al., 2020a; Roberts and Piotrowski, 2015; Wilson et al., 2015;
Xie et al., 2014) and to reconstruct marine gateway events (Horikawa et al., 2010; Khélifi
et al., 2014; Martin and Scher, 2006; Newkirk and Martin, 2009; Scher and Martin, 2006;
Sepulchre et al., 2014; Stumpf et al., 2015, 2010). Such interpretations of εNd rely on the
assumption that in the absence of local lithogenic input, εNd behaves conservatively.

Despite a general acceptance of the water mass tracer properties of εNd, the usefulness
of Nd isotopes as a proxy for ocean circulation is hampered by ambiguities in the modern
cycling and oceanic budget of Nd, alongside a lack of constraints on the processes governing
its marine distribution (Abbott et al., 2015a; Rempfer et al., 2011; Tachikawa et al.,
2017). This has led to the ambiguous phrase of a ‘quasi-conservative’ tracer. Nonetheless,
extensive progress has been made in understanding how different water masses acquire
their εNd (to give a few examples: Arsouze et al. 2009; Haley et al. 2017; Jeandel 2016;
Jeandel et al. 2013; Lacan et al. 2012; Rempfer et al. 2011; Siddall et al. 2008b; Stichel et al.
2020; Tachikawa et al. 2017, 2003; van de Flierdt et al. 2016, 2012; Wilson et al. 2013).
It was initially thought that seawater labelling by lithogenic Nd inputs took place only at
the surface via aeolian dust and dissolved riverine inputs (Bertram and Elderfield, 1993),
and early modelling studies using the transport-matrix method with surface inputs did
reproduce North Atlantic Nd distributions correctly/reliably based on these assumptions
(Jones et al., 2008). However, considering surface inputs alone failed to balance both
Nd concentration ([Nd]) and εNd distributions globally, with authors highlighting that
there must be a ‘missing source’ (i.e. missing global Nd flux into seawater; Arsouze et al.
2009; Jones et al. 2008; Rempfer et al. 2011; Siddall et al. 2008b; Tachikawa et al. 2003).
Furthermore, a partial decoupling of [Nd] and εNd in seawater is observed, termed the ‘Nd
paradox’ (Goldstein and Hemming, 2003). That is, while εNd remains fairly constant, [Nd]
becomes more concentrated with increasing depth in the water column, and very generally
increases along the circulation pathway, overall being mostly lower in the North Atlantic
and higher in the Pacific, displaying broadly what has been described as a ‘nutrient-like
behaviour’ (Bertram and Elderfield, 1993; van de Flierdt et al., 2016). The current debate
on the oceanic cycling of Nd is therefore centred around two related issues: (1) constraining
the sources, sinks and internal cycling of Nd, and (2) the decoupled behaviour of [Nd] and
εNd (‘Nd paradox’).

Building on the initial understanding that Nd enters the ocean through continental
weathering, an important role for particulates within marine biogeochemical cycling of
Nd, especially particulate-seawater exchange occurring within marginal settings, has been
observed, and proposed to account for imbalances in the global marine Nd budget and
the ‘Nd paradox’. This contribution from particulates to marine εNd and [Nd] may be
somewhat unsurprising since the global terrigenous particulate flux to the oceans exceeds
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the dissolved flux by a factor of 17-30, and as such, the particulate flux dominates fluvial
transport of Nd to the oceans (Jeandel, 2016; Jeandel and Oelkers, 2015). Thus, dissolution
of just a small proportion (1-3%) of this particulate material deposited annually into
seawater can have a large impact on global marine Nd budgets and cycling (Jeandel
and Oelkers, 2015). Chemical transfer reactions among terrestrially derived particles and
seawater comprise of adsorption/desorption, ion exchange and dissolution/precipitation
(Jeandel, 2016; Jeandel and Oelkers, 2015; Lacan and Jeandel, 2005a; Tachikawa et al.,
2003). While desorption and ion exchange are usually relatively rapid processes, driven
by the relatively high pH and ionic strength of seawater compared to most river waters,
dissolution and precipitation take longer (Jeandel and Oelkers, 2015; Rousseau et al.,
2015). Dissolution therefore continues for as long as the minerals remain out of equilibrium
with respect to the adjacent fluids, at rates that are commonly proportional to surface
area (Jeandel and Oelkers, 2015).

A large proportion of this particle-seawater exchange is thought to occur predominantly
within estuarine sediments and on continental margins (Rousseau et al., 2015). Chemical
elements released from particle dissolution are available locally here as a result of proximity
to lithogenic sources delivering dissolved and particulate material to the ocean, alongside
high detrital and biogenic particle concentrations within the water column that act to
promote rapid local reprecipitation as secondary phases due to seawater being close to
saturated or supersaturated with respect to many mineral phases (Jeandel and Oelkers,
2015; Pearce et al., 2013). Such an exchange, termed ‘boundary exchange’ is capable
of modifying the isotopic signature of a water mass without significantly affecting its
concentration, and has been proposed as a major source of Nd into seawater (Arsouze
et al., 2009; Jeandel et al., 2007; Rempfer et al., 2011; Tachikawa et al., 2017; van de
Flierdt et al., 2016). Investigating this concept further, Arsouze et al. (2007) simulated a
realistic global εNd distribution using boundary exchange as the only source/sink term,
demonstrating the potential for this process to be highly important for balancing the
oceanic Nd cycle. Subsequent to this 2007 study, the release of Nd from dissolution of
continental derived particulate material has been incorporated into global Nd modelling
schemes (Arsouze et al., 2009; Gu et al., 2019; Rempfer et al., 2011), contributing 90-95%
of the total simulated Nd flux to the ocean and thus providing a mechanism to account
for the ‘missing source’.

Another possible contributor to the ‘Nd paradox’ is reversible scavenging; the physical
process of adsorption and desorption of Nd onto sinking particle surfaces in the water
column, now considered another important feature of the interplay of particulate and
dissolved Nd phases in the ocean (Jeandel et al., 1995; Siddall et al., 2008b; Stichel
et al., 2020; Tachikawa et al., 1999). Modelling studies show that the observed pattern
of increasing [Nd] with depth can be reproduced by parameterising internal cycling using
the reversible scavenging approach developed by Bacon and Anderson (1982) (Arsouze
et al., 2009; Gu et al., 2019; Pöppelmeier et al., 2020b; Rempfer et al., 2011; Siddall et al.,
2008b). These models operate under a steady state assumption, meaning external fluxes
from particles are balanced by dissolution and adsorption, which is partitioned according
to an equilibrium scavenging coefficient (KD; Siddall et al., 2008b).

This interplay between dissolved and particulate phases is a key aspect of the biogeochemical
cycling of Nd that has sparsely been explored. As a result, KD values have mostly been
derived from research looking into the relationship between adsorbed and desorbed 231Pa
and 230Th (Chase et al., 2002; Henderson et al., 1999; Siddall et al., 2007, 2005). Stichel
et al. (2020) presented the first regional Nd particle-seawater interaction study in the North
Atlantic, here investigating whether particle-seawater exchange occurs beyond settings
proximal to where seawater acquires a weathering signal (i.e., does particle-seawater
exchange take place in open ocean regions with low particle concentrations?). Comparing
the difference in εNd between the dissolved and particulate phases along the North Atlantic
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Deep Water (NADW) flow path, they found that particles become fully equilibrated with
ambient seawater in the open ocean and therefore are no longer considered to be particle
reactive. However, deep waters that are in contact with the seafloor, where nearly half of
the total Nd is present in the particle phase (in comparison to approximately 5% in the
open ocean), may present an exception to this condition. Here, increasing [Nd] profiles
contrast with the more general observance that particle-seawater exchange is primarily
limited to locales close to weathering inputs. This deviation has been attributed to either
the reduced deep-water scavenging potential of Nd (Stichel et al., 2020), which would allow
dissolved [Nd] to accumulate, or, to a previously neglected benthic source of Nd (e.g. the
mobilisation of a secondary pool of reactive Nd; Abbott et al. 2015b; Haley et al. 2017).

Thus, a current branch of literature on Nd cycling now proposes a change from a
‘top-down’ paradigm of Nd cycling (governed by aeolian dust inputs; dissolved riverine
fluxes; boundary exchange, a sediment flux constrained to the continental margins; and
internal cycling through reversible scavenging) to incorporate a ‘bottom-up’ model, whereby
benthic fluxes and a sedimentary source at depth exert a significant control over the
distribution of seawater Nd (Haley et al., 2017). This alternative model specifically refers
to a transfer of Nd from sediment pore water to seawater resulting from early diagenetic
reactions, and may explain imbalances in the marine εNd budget as well as observed
decoupling between water mass provenance and Nd isotopes (Abbott et al., 2019, 2016a,
2015b,a; Du et al., 2016; Haley et al., 2017). It was initially offered as an explanation
for measurements taken on the north-western Pacific margins, where it was inferred that
radiogenic pore water Nd was transferred to overlying shallow and intermediate waters,
and has thenceforth been proposed to exert a primary control over deep ocean εNd (Abbott
et al., 2016a, 2015b,a). In particular, a benthic flux provides a mechanism to explain the
deep water εNd alteration in the North Pacific in the absence of deep water formation,
where circulation is sluggish, and the sediments contain a considerable amount of volcanic
material susceptible to leaching (Pearce et al., 2013). Under this benthic flux framework,
εNd of a water mass becomes determined by a combination of the circulation pathway
and also non-mixing processes such as a bottom-sediment source, the influence of which
can be determined from the magnitude and εNd of the sediment flux coupled with the
integrated time of exposure to this flux (i.e. exposure time) (Abbott et al., 2015a). In
this sense, if benthic exposure time and detrital sediment composition can be reasonably
predicted, εNd may provide additional constraints concerning ocean circulation kinematics
(Abbott et al., 2015a; Du et al., 2020; Haley et al., 2017). Since the 2015 north-western
Pacific studies, observations of large additions of Nd to the ocean from deep sites have
been made in the Angola Basin off the southwest coast of Africa (Rahlf et al., 2020;
Zheng et al., 2016) and the Rockall Trough in the North Atlantic (Crocket et al., 2018).
Furthermore, measurements from the Tasman Sea revealed a flux of similar magnitude to
that inferred for the North Pacific, suggesting regions with dominantly calcareous sediment
could also contribute a significant source of Nd (Abbott et al., 2019). This presented an
interesting challenge for understanding Nd cycling, since carbonate contains relatively low
[Nd] and therefore regions dominated by calcareous sediments were previously considered
an unlikely contributor to the benthic flux.

However, the presence of volcanic materials and calcareous sediments at the ocean
interface can be highly localised, meaning that any potential Nd inputs from these sources
are not seafloor-wide. Clays, on the other hand, are more ubiquitously spread throughout
the global ocean, meaning that clay mineral dissolution might facilitate a large, widespread
sedimentary Nd source to the ocean. Abbott et al. (2019) evaluated potential sedimentary
Rare Earth Element (REE) host phases and concluded a benthic control of REEs, including
Nd, could be driven by clay minerals that have high reactivates and large surface areas.
The authors suggest that distal, deep ocean sites with fine-grained sediments may have
the largest fluxes, as opposed to previous views that most of the Nd sediment source is
highly constrained to margins. Consequently, the benthic flux could be widely applicable
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across the global ocean, providing another possible origin for the ‘missing’ Nd source. This
model, however, assumes that reactivity and exchange capacity of certain mineral phases
is similar across the globe, an assumption that still requires careful testing.

It is apparent that there remains many outstanding questions regarding particle-seawater
exchange of Nd, in part due to an incomplete understanding of how these elements
fractionate during mineral dissolution and precipitation (Pearce et al., 2013). Firstly,
particle-seawater interaction of Nd involves a combination of complex processes (release,
removal and exchange) operating under various temporal scales and under specific
environmental conditions, for example pH or oxic-anoxic conditions, transport and aging of
sedimentary deposits (Wilson et al., 2013). Our understanding of these processes is further
complicated by the fact that particulate material is comprised of numerous mineral phases,
each with its own distinct dissolution rate and saturation state, and as such, each fraction
tends to be incongruently released by particle dissolution (Pearce et al., 2013; Wilson
et al., 2013). Additionally, it has been argued that because Nd is commonly present in
less reactive minerals, it is likely released to seawater at a slower rate than most other
elements, enabling the potential of sediments deposited for a long time in the deepest part
of the ocean to be weathered (Abbott et al., 2019).

Notably, it remains unconfirmed and sometimes hotly debated whether or not a
benthic flux does exert a strong control on oceanic Nd distributions and what conditions
influence the rate of such a flux. Simulating Nd cycling in 3D ocean models has been
shown to help contribute to this debate, quantitatively evaluating the importance of
different components of Nd cycling (Arsouze et al., 2009, 2007; Gu et al., 2019; Jones et al.,
2008; Pöppelmeier et al., 2020b; Rempfer et al., 2011; Siddall et al., 2008b). The most
sophisticated global Nd schemes to date are implemented within coupled atmosphere-ocean
general circulation models (AOGCMs), with an explicit description of the oceanic sources
and sinks (e.g. Arsouze et al., 2009; Gu et al., 2019; Pöppelmeier et al., 2020b; Rempfer
et al., 2011). They are currently predominantly based upon a ‘top-down’ model of
marine Nd cycling, with a sediment flux constrained to the continental margins. However,
Pöppelmeier et al. (2020b) recently began numerical-modelling investigations of the benthic
flux within global marine Nd cycling by updating the Nd isotope enabled Bern3D model
initially developed by Rempfer et al. (2011) to explicitly account for a seafloor-wide
source of Nd. The refined implementation included dissolution of resuspended riverine
material in estuaries (Rousseau et al., 2015), and the removal of the depth limitation
for the sediment source (i.e. adapting the model’s representation of ‘boundary exchange’,
previously restricted to the upper 3,000 m of the ocean, to thus invoke a benthic flux). The
results of this study were useful for demonstrating the potential importance of including
a seafloor-wide input of Nd.

Moreover, it has been argued that the ‘top-down’ and ‘bottom-up’ views of Nd cycling
are not independent of each other (Du et al., 2020; Haley et al., 2017). Both may be
essential for understanding and balancing the global marine εNd budget and solving the
‘Nd-paradox’. Despite the still enigmatic nature of Nd cycling in the ocean, a consistent
theme to emerge from the expanding body of literature has been increasing evidence of the
importance of the sediment-water interface as a dominant control on the marine Nd cycle
(Abbott et al., 2015b; Arsouze et al., 2009, 2007; Blaser et al., 2019b; Haley et al., 2017;
Rempfer et al., 2011; Tachikawa et al., 2017, 2003; van de Flierdt et al., 2016; Vogt-Vincent
et al., 2020). With more Nd delivered to the oceans in the particulate phase relative to the
dissolved phase, and just a small fraction of particle dissolution being capable of governing
marine εNd and [Nd] distributions, the dissolution of terrigenous particulate material may
be the dominant mechanism by which Nd is supplied to the oceans (Jeandel and Oelkers,
2015). Although this may complicate the use of εNd as a tracer of ocean circulation, it
suggests that global marine cycling of Nd can provide additional constraints as a tracer
of continental weathering and climate (Abbott et al., 2019; Jeandel and Oelkers, 2015;
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Pearce et al., 2013). If terrigenous particle dissolution does dominate Nd [isotope] input
to the ocean, εNd variations in different water masses could, in some cases, be directly
relatable to changes in sediment (as opposed to water) provenance and the weathering of
locally derived material. However, to be able to quantify such effects, it is first necessary
to improve our incomplete knowledge of how different particulate Nd phases from diverse
sedimentary environments fractionate during mineral dissolution and precipitation.

In short, notwithstanding significant recent advances in the way we think about Nd
sources and sinks, sediment-water interactions remain one of the least understood aspects
of marine Nd cycling. The proliferation of Nd measurements, and our evolving knowledge
of Nd cycling now present an opportunity to test new conceptual and numerical models
that explicitly account for the benthic flux occurring across the whole seafloor. This could
be used to answer, to a first order, the current key questions around marine Nd cycling.
Including, but not limited to: constraining the magnitude and εNd from sediment-water
interaction, testing whether a ‘bottom-up’ framework is consistent with the observed
modern seawater εNd and [Nd], assessing any overprinting effect a benthic flux may have
on bottom waters, and evaluating the possibility that with a strong benthic flux εNd could
be exploited as a kinematic tracer of ocean circulation.

However, all of these investigations require a known global distribution of sedimentary
εNd. Numerical modelling studies in particular rely on a spatially-continuous definition of
Nd signatures across the whole global sediment-water interface as a model input, essentially
filling in the gaps between disparate measurement sites in a geologically robust way. More
than a decade ago, Jeandel et al. (2007) produced a seminal map of continental εNd,
which fulfilled exactly this purpose, summarising the global fingerprint of continental εNd
inputs to the ocean and enabling numerical schemes to implement a continental margin
source. Here, we build on this formative work, taking the opportunity to incorporate a
substantial amount of recently published εNd measurements to update the extrapolated
data product for the continental margins and extend it across the whole ocean floor. Our
new continuous distributions of εNd thus provides the detail needed to evaluate a global
sediment source of Nd to the ocean, or for the user to apply their own regional constraints
depending on water depth, sediment thickness/type etc. In this way, we hope to facilitate
a more complete understanding of Nd marine cycling, specifically enabling a first-order
examination of the benthic flux in numerical modelling schemes to determine whether
a shift towards a ‘bottom-up’ framework is capable of representing global oceanic Nd
distributions.

In the following section, we describe the methods used to characterise the εNd signature
of the global sediment-water interface, including the new data compilation contributed by
co-authors, our approach to filtering εNd measurements and the process for producing the
spatially continuous gridded maps (Sect. 2.2). Next, we present our refined continuous
ocean sediment εNd distributions, including εNd at the continental margin and across the
sea floor (Sect. 2.3). We then provide our proposed combination of both datasets and
include a discussion about the final boundary conditions, acknowledging the limitations in
our approach, and propose the use of these gridded maps as a first step towards a deeper
interrogation of the sources and sinks of oceanic Nd, including the possibility of a benthic
flux (Sect. 2.4).

The final εNd maps clearly highlight where there is a wealth and conversely a dearth of
Nd measurements, and where those measurements may or may not be representative of the
wider oceanographic setting, thereby providing a useful guide for future data acquisition
efforts. Furthermore, our methods are reproducible, and we provide full documentation
of the protocol to facilitate updating the distributions with new measurements. Thus,
we contend that our proposed sediment εNd maps form an important and much needed
step towards improving the understanding and quantification of marine Nd cycling under
evolving frameworks and in line with the aims of the international GEOTRACES program,
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enabling future modelling efforts to answer the many intriguing questions that remain.

2.2 Methods

2.2.1 Updated database and compilation of published εNd

An extensive and updated (relative to Jeandel et al. 2007) database of εNd values measured
on both terrestrial and marine sediments was initially obtained from Blanchet (2019).
This database was built incorporating published Nd values from an extensive literature
review, external contributions and retrieval from the SedDB database and includes 1,529
observations. We then identified areas where known additional published data could be
added to the database and where observational data was spatially limited, having the
potential to impede/bias interpolation across the globe. Notably, we prioritised detailed
publications with numerous observations taken around key regions of deep-water formation
in the North Atlantic and addressing data scarcity, particularly in the Pacific, Indian and
Southern Ocean.

Through co-author contribution and a collective community effort to put forward
relevant published datasets, the initial database was expanded to reach a total of 5,107
data points, including 2,671 present day and Holocene rock, river and marine sediment
observations, thus capturing a much greater level of spatial detail in the overall larger
quantity of constituent data (Fig. 2.1 and Supplementary Table S1). This was achieved
first from extensive literature review, adding relevant observations particularly covering
the Southwest Atlantic, the Bering Sea, the Southern Ocean, and West Africa. We
then added further detail in the Southern Ocean, focusing along the Antarctic coastline,
notably in West Antarctica, the Antarctic Peninsula and surrounding the Ross Sea (Cook
et al., 2013; Mikhalsky et al., 2013; Pierce et al., 2011; Roy et al., 2007; Simões Pereira
et al., 2018; van de Flierdt et al., 2008; Walter et al., 2000). This Southern Ocean
compilation also includes a collection of 34 new (i.e. hitherto unpublished) measurements
contributed by co-authors; see Supplementary Text S2.1 and Table S2 for information on
the collection/measurement techniques. Our compilation of published and new Southern
Ocean data is focussed on marine detrital measurements that could be used as an indicator
of the εNd signal eroded from neighbouring continental rock and also provides measurements
from sediments directly in contact with seawater. We obtained even more modern and
Holocene detrital measurements from sediments in the Arctic, eastern North Atlantic,
West Atlantic, Gulf of Alaska and the Indian and East Pacific Ocean from the global
compilation of detrital εNd that accompanied the large-scale acquisition of seawater and
geologic-archive εNd performed by Tachikawa et al. (2017). Additionally, we include data
from a recent global core-top compilation published by Du et al. (2020), whom investigated
recent changes to Global Overturning Circulation from authigenic and sedimentary εNd
records, covering particularly the North-West and South-West Atlantic, the Indian and
Central Equatorial Pacific Ocean. Finally, we included marine pore fluid εNd from three
sites in the eastern North Pacific (Abbott et al., 2015b,a).

The database, including the full dataset of εNd and associated metadata table is
reported in Supplementary Table S1.
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Figure 2.1: Overview of the location of the εNd samples assembled in the updated
continental and marine detrital and porewater database, filtered to show only data from
the Holocene (specifically 11.7 ka to present) and the new Southern Ocean data contributed
by co-authors and presented in this study. Data are identified as belonging to the initial
sediment εNd compilation by Jeandel et al. (2007) (blue triangles), subsequent additions
by Blanchet (2019) (green circles), from further literature review (thin beige diamonds),
detrital data associated with the results presented by Tachikawa et al. (2017) (orange
diamonds), data compiled by Du et al. (2020) (lilac squares), pore water data from Abbott
et al. (2015a) (black pentagon) and Southern Ocean compilation (yellow crosses: published
by Cook et al. 2013; Mikhalsky et al. 2013, 2006; Pierce et al. 2011; Roy et al. 2007; Simões
Pereira et al. 2018; van de Flierdt et al. 2008; Walter et al. 2000. White crosses: this study).

2.2.2 Continental εNd map

2.2.2.1 Data selection

The primary aim of this first phase of work is to define as accurately as possible the modern
isotopic signatures of the continents surrounding the oceans and continental margins on
a global scale. To achieve this aim, we filtered the entries in our new, comprehensive
database (Sect. 2.2.1) to only include samples from the Holocene (specifically 11.7 ka to
present) as well as the New Southern Ocean samples contributed by co-authors, which in
some cases may be older, yet still provide appropriate εNd for our study (as explained in
Supplementary Information: Text S2.1). We include present day (P) samples defined from
1 ka to present or from the upper 1cm/top-core sediment, and Holocene/Marine Isotope
Stage 1 (MIS1) samples ranging from 11.7 – 1 ka. This is because we are most confident
that the measured values falling within these depositional age ranges are representative
of the modern continental εNd interacting with seawater. This yielded a total of 1,078
observations, which came from three broad sample types: river sediment samples, which
deposit on the continental shelf and slope; Holocene marine sediments collected along
given margins; and geological material outcropping close to an oceanic margin expected
to be weathered. We explain this choice in more detail in Supplementary Information
(Sect. 2.6); Text S2.2. All the discrete continental data extracted through this filtering
process are reported in Supplementary Table S3 and are displayed in Fig. 2.2a.

We acknowledge the potential for bottom ocean currents to transport fine-grained
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sediments to sites distal from their sources (Gorsline, 1984), and this may have a
local/regional control on the εNd passed on to the overlying water column (Jeandel et al.,
2007). With currently available observations, this is difficult to consider comprehensively
within a global, objective, numerically-driven framework. Thus, we assume that the effect
of bottom-current transport is relatively small for the overall regional-global Nd budget
and do not explicitly incorporate the process in our initial interpolation of the discrete
data (Sect. 2.2.2.2). Future work that focuses on specific geographical domains would be
best suited to investigating the importance and impact of these assumptions in greater
detail.

2.2.2.2 Interpolation of continental εNd map

Once an extensive compilation of suitable discrete εNd observations was obtained, the
points were interpolated across the globe, to create a spatially continuous distribution of
continental εNd proximal to the ocean. It is noted here that we are aiming to produce
values that represent broader geological regions and not specific outcrops and singular
observations.

Since the εNd of continental rocks is closely related to its geological characteristics
(i.e. lithology) and age, we used the digital geological map as used by Jeandel et al.
(2007) which provided polygons for the (simplified) fields of given geological age and type.
This map was used to constrain our interpolation of discrete data points according to the
underlying geological units, maintaining a basic level of regional geological consistency in
our continuous characterisation of the continental margins. Such an approach is based on
the assumption that the seawater εNd is equivalent to the εNd signature of the weathered
source rock, which we deem to be an appropriate premise for the global scale examined
here.

The interpolation scheme employed a nearest neighbour analysis, using the digital
geological map as a mask to produce spatially continuous continental εNd fields from
the discrete Nd point measurements. Each geological-unit polygon was attributed an
εNd value according to the sample that fell within its spatial domain with the nearest
distance to the centre of the polygon, or in the absence of any measurements within
the domain, according to the nearest sample by distance to the centre of the polygon.
This produced a first iteration of the new high resolution, gridded εNd for continental
margins (see Supplementary Fig. 2.9) based purely on the numerical interpolation methods
described above and without any expert ‘tuning’ of the results to account for any [sampling]
biases that may skew the results. It forms the basis of our final continental margin εNd
distribution with the adaptations summarised below.

Examining this initial output, it is apparent that in some regions, the purely numerically
based interpolation failed to capture the real spatial heterogeneity of crustal εNd, or
produced εNd that, from our knowledge, appeared to not represent the broader regional
signal, e.g. due to measurements capturing only very localised εNd and the numerical
interpolation inaccurately dispersing those signals. We therefore performed a small number
of manual adjustments to the interpolation in order to improve the final distribution
of εNd and thus bring it into better accord with available evidence (i.e. the wider
published literature) and the expert judgment and field/laboratory experience of our pool
of co-authors.

To assess the interpolation and identify where adjustments were needed, we closely
interrogated the agreement between the numerically-produced εNd and expected (e.g.
based on geological age and rock type) εNd within geological polygons based on the
Sm-Nd evolution of Earth (i.e. age) and Sm/Nd fractionation during mantle melting (i.e.
lithology; Goldstein et al. 1984; Taylor et al. 1983). In addition, we compared the signature
of similar geographically distal fields (e.g. the same rock type/age, and regions that are



34 CHAPTER 2. GLOBAL CONTINENTAL AND MARINE DETRITAL εNd

known to have once been physically connected before tectonic plate movement separated
them). Overall, we made the fewest possible changes to rectify obtrusive inconsistencies.
For full transparency and to enable easy reproducibility of our methods or bespoke editing
of our modifications, all changes are documented and explained in Text S2.4, with the
precise operational details provided in Supplementary Table 2.2. Furthermore, a visual
comparison of the results is made in Supplementary Fig. 2.9, which demonstrates the
difference in continental εNd arrived at using purely the numerical interpolation (i.e.
before making manual adjustments) compared with the refinement. Fig. 2.2b shows our
final representation of the εNd of the continents surrounding the ocean.

2.2.2.3 Extrapolation of continental εNd onto the continental shelf

Once the continental interpolation was finalised, we extrapolated these data out across
the marine sectors of the continental margins, adopting the philosophy that the mean
εNd signature on continental margins is similar to that of the neighbouring land surfaces.
We define the extent of this extrapolation – that is, how far out to sea/how deep we
can reasonably assume that the continental εNd remains representative of the proximal
marine sediments – as being limited to where sediment thickness is greater than or equal to
1,000 m according to GlobSed, a total sediment thickness grid for the world’s oceans and
marginal seas (Straume et al., 2019). We chose to use sediment thickness to constrain our
margin extrapolation as a proxy for the extent to which outcropping fields are weathered,
and thus the extent to which it is reasonable to assume a similar εNd would exist at
the sediment-ocean interface. Globally, erosion, proximity to continents, transport and
biogenic sedimentation determines the first order structure of sediment thickness (Straume
et al., 2019). We compared extrapolating the continental εNd out to the margins under
various sediment thickness constraints (≥ 500 m, ≥ 1, 000 m and ≥ 2, 000 m), detailed in
Supplementary Fig. 2.11, to find the most suitable limits of our extrapolation.
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Figure 2.2: Continental and proximal margin εNd map, showing (a) sample type and εNd
of Nd isotope measurements compiled in Supplementary Table S3, indicating the three
broad sample types included in the new compilation: river sediment (triangles), Holocene
marine sediments (circles), and geological outcrops (squares), (b) updated continental
εNd, and (c) complete εNd of the continents and proximal margins (constrained to where
sediment thickness ≥ 1, 000 m).

Continental margins, which represent approximately 13% of the oceanic area, contain
over 42% of the total ocean sediment volume, and have an estimated average sediment
cover of 3,044 m, in comparison with ocean crust with an estimated average sediment
cover of 404 m (Straume et al., 2019). We choose ≥ 1, 000 m sediment thickness as
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our final extrapolation extent to encompass only marginal settings. Sediment thickness
≥ 2, 000 m did not capture all marginal settings, in particular passive margins in the
Eastern Pacific and margins surrounding Australia, and we chose not to use a shallower
threshold (such as ≥ 500 m) because this extrapolated the continental signal beyond what
we deemed representative. This value was close to the average sediment cover of oceanic
crust and as a result reached distal oceanic crust, for example in the western North and
South Atlantic basins. We acknowledge that lithogenic input via aeolian dust flux may
reach further limits than our definition, but we made the pragmatic choice to prioritise
the categorisation of marginal sediments and deposits. Constraining what we define as
‘continental margins’ to ≥ 1, 000 m sediment thickness is, however, a somewhat arbitrary
choice. Our transparent approach and fully available input data will allow future user
groups to implement a different choice of delimiting sediment thickness, should they wish.
The product of our final combined continental and extrapolated marginal sediment εNd
is shown by Fig. 2.2c.

2.2.3 Seafloor εNd map

2.2.3.1 Data selection

In order to examine the possible role of a benthic flux on global Nd cycling and thus to
test mathematically (e.g. through Nd isotope enabled three-dimensional ocean models)
the emergent hypothesis that such a flux is driven by Nd released into pore waters from
detrital sediment on the seafloor during early diagenesis, the εNd of the seafloor needs to
be represented. This characterisation of εNd across the entire sediment-water interface is
also more broadly useful for investigating Nd cycling, since it allows any user to define
their own (and experiment with different) depth or sediment-type boundaries for where Nd
is exchanged with the water column. Based on current paradigms, it has been suggested
that ideally, pore water measurements of εNd and [Nd] would be most representative of
the Nd interaction between the sediment-water interface, recording the labile Nd from
detrital material into pore water (Abbott et al., 2015a; Du et al., 2020). However, to date
the measurements of pore water εNd are very spatially limited; three sites currently, all in
the North Pacific, measured in near surface sediments on the continental margins between
500 and 3,000 m water depth (Abbott et al., 2015b,a). An approach that extrapolates the
few (three) valuable pore water measurements that do exist would likely over-generalise
the distribution of global labile seafloor εNd, failing to capture a sediment-type dependent,
realistic distribution even at the broad scale. Further measurements would also be needed
to fully verify whether this is true.

Published detrital sediment εNd measurements provide our most practical solution
to this global open ocean pore water data sparsity. Here, we define detrital sediments as
the non-authigenic and non-biogenic sediment phases encompassing three main fractions:
bulk sediment digests, decarbonated sediment residuals and decarbonated and leached
sediments (hereby referred to as the detrital fraction), indicated in Supplementary Table
S4 and Fig. 2.3a (Blaser et al., 2016; Du et al., 2016; Wilson et al., 2013). It is hypothesised
that detrital sediments interact with pore water on long timescales (hundreds to thousands
of years), in large part compensating for slow reaction kinetics and therefore enabling
detrital sediment to exert a significant influence on the εNd of pore water (Du et al.,
2016). Furthermore, detrital sediments provide a direct measurement of the sediment εNd
in contact with pore water, albeit in the absence of quantifying exactly the reactive Nd
phases. We therefore filtered the updated Nd database to identify marine core-top pore
water and detrital sediment εNd and used this compilation to produce a best estimate
of the global distribution of seafloor εNd. Similar to the continental compilation, only
core-top sediments (i.e. the upper cm) or sediments deposited during the Holocene
(11.7 ka to present), as well as the New Southern Ocean samples contributed by co-authors
were considered, yielding a total of 1,479 observations. All the discrete marine detrital
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and pore water data utilised in this study are reported in Supplementary Table S4 and
are shown by Fig. 2.3a.

Despite the development of several sequential extraction processes for the partitioning
of marine sediment fractions, at present there remains no standard chemical procedure for
measuring the detrital fraction εNd of marine sediments (Bayon et al., 2002; Du et al.,
2020). As such, the definitions of the three main detrital phases presented here (bulk,
decarbonated and detrital) represent a broad classification due to the non-uniformity in
extraction methods employed within the literature. Furthermore, between these fractions,
the reported εNd may vary significantly due in part to the specific aims of the individual
research efforts. For example, most (if not all) detrital samples were conducted not to
establish a benthic flux of Nd to the oceans, but to understand geographical provenance
and transport mechanisms (atmospheric circulation of dust, water advection, fluvial erosion,
cryospheric dynamics). In all cases, the assumption is that detrital phases retain the
isotopic signature of their source rock signature throughout continental weathering, sediment
transport and diagenesis (e.g. Basile et al., 1997; Cook et al., 2013; Grousset et al., 1998,
1992, 1988; Innocent et al., 1997; Jones et al., 1994; Nakai et al., 1993; Revel et al., 1996;
Simões Pereira et al., 2018; Toucanne et al., 2015; van de Flierdt et al., 2008). Recent
work suggests that strong leaching procedures in older studies could lead to loss of reactive
detrital phases, which are a potentially important benthic source of Nd, and thus may
not be preserved in operationally defined ‘detrital residues’ (Abbott et al., 2019, 2016a;
Blaser et al., 2016; Du et al., 2016; Williamson et al., 2013). Furthermore, the standard
protocols used to isolate the Fe-Mn oxyhydroxide phases in leaching procedures have been
found to not only target oxyhydroxide phases, but also target clay host phases (Abbott
et al., 2019). These conventional leaching methods mobilise significant quantities of silicate
hosted REEs, particularly in carbonate poor sediments (Blaser et al., 2016; Wilson et al.,
2013). Refined leaching methods, which now employ a gentler approach, can minimise this
silicate fraction ‘contamination’. Nonetheless, in the absence of a carbonate buffer, they
have still been found to mobilise some of the silicate fraction (Blaser et al., 2019b, 2016).
Utilising bulk sediment data may avoid this underrepresentation of the more labile εNd
signal and prevent removal of the clay mineral fraction εNd. However, bulk sediment data
are also relatively sparse, albeit not as scarce as pore water measurements. Acknowledging
the limitations outlined above, decarbonating and leaching procedures aim to remove the
preformed seawater/pore water signal in order to isolate specifically the detrital fraction,
and improvements have been made towards standardising these procedures. For example,
Bayon et al. (2002) presented a robust chemical procedure for separating the detrital
material into decarbonated sediment residuals and specific detrital size fractions, resulting
in reduced or no loss of specific phases. Within our database, decarbonated and detrital
fraction observations are much more abundant, and as such, these samples are also deemed
suitable for inclusion in this dataset alongside bulk sediment digests and pore water
samples, allowing for a more global representation of direct εNd measurements covering
various seafloor lithologies.

We recognise that under current practical constraints, there is no unique/ideal solution
for our sample selection. To use only pore water and bulk sediment fractions would limit
the number of observations to too few for producing a useful broad scale representation
of the seafloor εNd source. For example, the 106 bulk sediment observations compiled
globally (compared to 541 and 829 decarbonated and detrital observations, respectively)
are not only limited in number, but also are heavily biased towards marginal settings and
concentrated mainly in the northwest and southwest Atlantic, the Gulf of Alaska and East
Antarctica, likely underrepresenting marine sedimentary areas (e.g. deep ocean settings,
the Arctic Ocean, and the Indian Ocean). On the other hand, as acknowledged by Blaser
et al. (2016); Du et al. (2016) and Wilson et al. (2013), decarbonated sediment residuals
and detrital fractions may (at least in some cases) provide a weaker/less significant oceanic
Nd flux. Again, the available data are insufficient to fully verify this possibility or
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demonstrate in which specific settings it is the case. Balancing these two challenges,
we made the decision to include the whole sediment (not favouring any specific detrital
phases) as contributing to the sediment-water εNd. Following further data acquisition
from more labile fractions and direct comparison between the εNd yielded by the different
detrital phases of the same samples on a global scale, this approach could be revisited in
the future.

2.2.3.2 Interpolation of seafloor εNd map

Once an extensive compilation of suitable discrete detrital and pore water εNd observations
were obtained, the points were then interpolated globally to produce a spatially continuous
εNd signature of seafloor sediments in contact with bottom water. Again, the aim here is
to broadly characterise the signature of seafloor sediments, providing a best estimate of
global εNd based on the available [and limited] dataset. Our map thus may not capture
localised features and variations.

Adopting the assumption that dominant seafloor lithology types at least partially
describe the major sedimentary source and characteristics of detrital εNd, we used a
high-resolution gridded map characterising the major lithologies of seafloor sediments in
the world’s ocean basins (Dutkiewicz et al., 2015). This assumption is based on the
notion that εNd from a possible benthic flux is related to the signature and reactivity
of the underlying detrital sediment, and sediments of the same lithology type likely have
similar diagenetic environments. Similar to the digital geological map used for continental
margin εNd (Sect. 2.2.2.2), this provided a spatially delimited mask of polygons capturing
the broad distribution of seafloor sediment types. We used this mask to inform the
interpolation of discrete data onto a continuous high-resolution grid by constraining the
nearest-neighbour extrapolation of individual measurements to keep within the limits of
each polygon. Thus, we implicitly assume that proximal sediments of the same depositional
type contain similar Nd characteristics, with hard boundaries where the sediment type
changes, although there is no imposed relationship between distal polygons of the same
sediment type in this objective numerical method.

Diagenetic reactions in sedimentary deposits are reliant on the properties of the
depositional environment. Biogenic debris in particular are often inherently unstable,
with organic matter, carbonate and opaline silica as dominant biogenic solids involved
in early diagenetic reactions (Jahnke et al., 1989). Thus, the contribution of particular
biogenic phases to early diagenetic processes is highly complex and requires a thorough
understanding of the behaviour of each biogenic component and the depositional environment
in which digenesis occurs. Recent pore water and water-column [Nd] observations from the
Tasman Sea have highlighted the possibility that regions dominated by biogenic carbonates
can be important contributors to the global benthic flux (Abbott et al., 2019). Due to
low [Nd] in biogenic sediments, these sediment regions had previously been dismissed as
a likely contributor to the oceanic Nd budget (Abbott et al., 2015b). However, a diffusive
flux of Nd calculated in this region, although smaller, was similar in magnitude to that
measured in the low-carbonate samples measured from the North Pacific. Such data may
provide evidence for expanding the area over which we consider the benthic flux to be an
important contributor to marine εNd, and further suggests that a benthic flux may be
driven by a small fraction of the sediment (i.e. dissolution of clay fraction) (Abbott et al.,
2019; Abbott, 2019; Huck et al., 2016).

In order to enable the testing of a global benthic flux, an εNd signature therefore
needs to be assigned to all depositional sedimentary environments. Here, we chose not
to make assumptions regarding early diagenetic reactions and how they might alter Nd
fluxes within different depositional environments, and instead applied the same method to
characterise all sediment εNd. This approach was adopted in order to limit the complexity
of a method that is necessarily based on sparse data, including reducing the number of
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arbitrary assumptions we would otherwise be required to make. This has the benefit of
producing a more reproducible data product and methodology, which can then be adapted
by any user in the community according to our evolving understanding of the role of
particular biogenic phases in early diagenetic processes, the role of a benthic flux within
diverse sediment compositions and depositional environments, and the wider acquisition
of suitable measurements. Note, that for pore water measurements, we use the mean of all
depths in the upper 11.1 cm of seafloor sediment for each site, representing all available
data (see Supplementary Table S4). This seems justified as the average εNd of pore water
is found to be near constant with depth at each site (Abbott et al., 2015a).

In certain poorly documented areas and where the interpolation failed to capture a
representative εNd based on what is known to exist, manual adjustments were made.
These modifications follow a similar approach to that described in Sect. 2.2.2.2 and
are based on available observational and expert evidence, including (i) consideration of
the source and location of detrital input to the region, (ii) the assumption that the
mathematical means of the available data best represent domains containing a large
number of data points, and (iii) spatially constraining localised extreme εNd signals, e.g.
from volcanic island arcs, which are not always captured in the mask of major sediment
lithologies. All changes are explained in Supplementary Information (Sect. 2.6); Text S2.4
(with precise operational detail for how to implement/revert them in Supplementary Table
2.3), alongside graphical depictions of the new gridded seafloor εNd dataset that show the
direct output of the numerical interpolation schemes before expert manual adjustments
were made compared with the refined version (Supplementary Fig. 2.10). Figure 2.3b
shows our final, refined representation of the εNd of seafloor sediment.
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Figure 2.3: Seafloor sediment εNd map. (a) Location and εNd of the discrete marine
detrital and pore water data compiled in Supplementary Table S4 and used to produce a
best estimate of spatially continuous seafloor εNd. The three broad sample types of marine
detrital and pore water data included in the compilation are indicated: bulk sediment
digests (triangles), decarbonated sediment residuals (circles), specific detrital size fractions
(squares), and pore water measurements (crosses). (b) Spatially continuous seafloor εNd
representation interpolated from the discrete data.

2.3 Results

2.3.1 Continental εNd representation

Similar to Jeandel et al. (2007), we focused our spatially continuous reconstruction of
continental εNd on the regions surrounding the ocean (as shown in Fig. 2.2b), since the
main purpose is to provide updated information for examining marine Nd cycling. Thus,
the continental interiors are largely omitted from our final εNd distribution.

Examination of the variability in our updated map of continental εNd reveals the
expected pattern of the most negative values corresponding to known provinces of the
oldest unradiogenic continental rock worldwide (e.g. the exposed Archean rock comprising
the North Atlantic Craton around southwestern Greenland and Paleoproterozoic granites
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which constitute the Rae Craton that forms Baffin Island and parts of western Greenland),
and positive values corresponding to young volcanic arcs (e.g. convergent margin volcanism
in the northwest Pacific) and hotspot/ocean island volcanics (e.g. the Hawaiian Islands
Archipelago, the Samoan Islands and the Kerguelen Islands).

For instance, in the high northern latitudes, continental crust surrounding the Hudson
Bay and Labrador Sea in eastern Canada and western Greenland display largely unradiogenic
εNd values of -25 due to the presence of old Archean and Proterozoic units. This
characterisation of very negative (-25) εNd has been observed recently in a regional North
Atlantic marginal εNd map produced utilising compiled Holocene bulk surface sediments
by Stichel et al. (2020). Similarly, here, the most unradiogenic signals correspond particularly
to crust exposed on the North Atlantic Craton, where these lithological units are amid
some of the oldest rocks worldwide. Previous investigations from Innocent et al. (1997) on
modern and late Quaternary sediments in the northwest North Atlantic further highlight
the most unradiogenic εNd signals (ranging from -35 to -24) within sediments from terrains
belonging to the North American Shield, particularly Baffin Island, Quebec and Labrador
regions. Accordingly, these regions are characterised in our continental representation
by εNd ranging -32 to -23. Conversely, recent volcanic intrusions associated with the
younger Cenozoic mafic rocks in Iceland and from the Nansen Fjord in East Greenland
yield radiogenic εNd signatures ranging from +4 to +7. In particular, exposed Holocene
basalts on the continental shelf associated with Icelandic volcanism results in a radiogenic
signal of +7 over Iceland, a value consistent with the first-order estimation of the Icelandic
detrital Nd source signal to the ocean from Innocent et al. (1997) of +8. Material eroded
from Iceland has particularly high [Nd], and so even a small contribution from this mafic
sediment to seawater can have an important role governing Nd distributions here and thus
an important region to characterise (Stichel et al., 2020).

The Arctic Archipelago displays an east-west gradient in εNd, with unradiogenic εNd
values of -23 in the southeast associated with the oldest rocks of Archean and Proterozoic
origin and less unradiogenic εNd values of -12 towards the northwest of the archipelago
related to Palaeozoic crust. Continental crust of lower Palaeozoic origin in northern
Alaska has unradiogenic values of -14 and in northeast Siberia, proximal to the East
Siberian Sea, younger Mesozoic units have more radiogenic values of -7. Asahara et al.
(2012) analysed detrital fraction εNd from marginal sea sediments in the Arctic to identify
sources of terrigenous detritus in the Bering and Chukchi Seas. The authors found εNd
in detrital fractions in the Chukchi Sea range from -10 to -8, which they attributed to
terrigenous detritus material derived from north-eastern Siberia (-9), and additionally from
the Mackenzie River basin including the Canadian Shield (-14). Detrital fractions in the
eastern Bering Sea are varied, though generally more radiogenic ( -9 to +3), representing
terrigenous input from the Yukon basin, underlain by Mesozoic and Palaeozoic rocks
from Alaska (-9) and the Aleutian-arc volcanics (+7). Our continental representation
in this region corresponds well to these previous estimations, suggesting that the spatial
heterogeneity within continental εNd in this region is captured reasonably well, which
is especially important for the Arctic Ocean, whose water column Nd distributions are
distinctly and generally influenced by the broad, surrounding continental shelves (Porcelli
et al., 2009).

There is less spatial εNd variability in the rest of the Siberian margin, central and
southern Europe, and North, West and South Africa, which all display a relatively spatially
homogenous εNd signal between -11 and -7, with the more radiogenic values associated
with widespread Cenozoic and Mesozoic rocks in these regions. A previous study by Revel
et al. (1996) measured the εNd of lithogenic particles from a sediment core in the Icelandic
basin to trace its detrital origin. The authors reported εNd of -12 originating from the
British Isles, a value consistent with our characterisation (-12 to -11). Measurements
from Scandinavia, on the other hand, are quite unradiogenic, with the most negative εNd
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values of -23 found in Archean rock in Finland and values of -22 to -14 in Proterozoic rocks
within Norway and Sweden. These unradiogenic values correspond to findings by Bayon
et al. (2015) who assessed the εNd of sediments collected in Finland near the Kiiminkijoki
river mouth, which drains the Precambrian shields of Fennoscandia, reporting εNd of -23.
Further, Revel et al. (1996) reported εNd in lithogenic particles on the Norwegian margin
around -19, consistent with our continental characterisation here.

Looking at the African continent, Scheuvens et al. (2013) reported bulk εNd of dust in
northern Africa to evaluate lithogenic sediments, measuring εNd of -15 to -10 in Southern
Algeria and northern Mali. Furthermore, samples collected off the west coast of northern
Africa ranged between -16 and -8, these values are in agreement with our continental
representation of this region (-14 to -13) illustrating the εNd characteristics here have
been effectively captured. On the other hand, north-eastern Africa displays quite a
comprehensive picture of positive εNd, in particular around the Ethiopian Highlands and
the Red Sea region, related to magmatic rifting (0 to +6). Overall, across the mainland of
northern African a eastward tendency of increasing εNd occurs. This gradient has been
observed previously in detailed studies of terrestrial and marine sediments (Blanchet, 2019;
Scheuvens et al., 2013).

The east coast of USA, Brazil and Uruguay are similar in regard to the intermediate
values across the majority of Europe and West Africa, with εNd generally falling within
the -14 to 10 range, here Caledonian and Hercynian rocks cover the majority of these
continental areas and so share broadly similar εNd characteristics (Jeandel et al., 2007).
However, characterisation of the east American continent is based on few observations and
may underrepresent the true spatial variability of those regions. Examining river sediment
εNd from the Amazon and Mississippi river mouths, Bayon et al. (2015) reported values of
-11 and -12 to -11 respectively, which correlate well with the continental εNd interpolation
at the location of these two river mouths. This is an important feature to capture, because
these large river systems deliver large inputs of terrestrial particulate material to the ocean.

The geology of the west coast of the Americas and throughout central America is
complex, associated with divergent and transform boundaries. Nonetheless, εNd
measurements on the Pacific Rim are consistently radiogenic, ranging from around +2 to
+10 in the Cenozoic units there. Grasse et al. (2012) reported radiogenic measurements
of εNd (-2 to +3) and increased [Nd] in surface waters in the Eastern Equatorial Pacific,
indicating exchange with either volcanic particles in the water column or highly radiogenic
shelf sediments. These surface waters are characterised by increasingly radiogenic εNd
as we head northwards up the coast from Peru to Ecuador. A radiogenic gradient in
continental εNd is also represented here, ranging from -5 in Peru to +7 in Ecuador. Out
in the Pacific, the Hawaiian island chain and other active volcanic island chains yield εNd
values at the top end of our scale (+8 to +10). Here, values for the volcanic islands on the
Hawaiian plume (+7 to +9) are in agreement with present day (0 ka) εNd measurements
compiled and summarised by Bryce et al. (2005), with mean εNd values measured on
Mauna Loa (+5), Hualalai (+6), Kilauea (+7) and Mauna Kea (+8). The detail of
these small volcanic island chains (including Hawaii, Tahiti, Gallapagos, etc.) is not fully
evident in the global image shown in Fig. 2.2b, but can be accessed by downloading the
high-resolution vector datasets accompanying this study (Supplementary Dataset S1).

India and Sri Lanka are characterised by a relatively homogenous unradiogenic εNd
signal of -16 associated with Proterozoic and Pan-African rocks. Chemical weathering of
the Himalayan system exports large sediment loads to coastal regions via the
Ganges-Brahmaputra Rivers. Lupker et al. (2013) compiled measurements of εNd in river
sediments in the Ganges and Brahmaputra Rivers highlighting unradiogenic values of
-18, and a range of -14 to -19 respectively. Our continental characterisation in margins
surrounding the Bay of Bengal (-15) falls within the range of εNd characteristics from these
major river systems. Moreover, Thailand, with predominantly upper Palaeozoic units,



2.3. RESULTS 43

is characterised by values of -14, and younger crust (predominantly of Mesozoic origin)
comprising Cambodia and Vietnam have values of -9. A previous study by Peucker-Ehrenbrink
et al. (2010) explored the relationship between bedrock lithology and age to estimate the
εNd of large-scale continental drainage regions. Here, the εNd of Southeast Asia was
estimated to be -14. Palaeozoic crust in North and South Korea yield more unradiogenic
εNd values of -20 to -16, whereas Japan, Indonesia and the Philippines bear a very
radiogenic signal around +5, associated with active plate tectonics and recent Cenozoic
formations. The basaltic composition of numerous islands located in the southwestern
inter-tropical Pacific (e.g. Papua New Guinea, Solomon Islands, Fiji) yield radiogenic
εNd (ranging +5 to +7). Grenier et al. (2013) compiled εNd data from rock and sediment
samples to characterise the average εNd of such islands. Radiogenic mean εNd of +8,
+7 and +8 were attributed to Fiji, Vanuatu and Tonga respectively, in accordance with
our representation of εNd here. The authors further suggest that these islands provide an
important lithogenic supply of radiogenic εNd to the southwestern Pacific. In comparison,
the geology of Australia is broadly characterised by several Archean and Middle Proterozoic
cratons, with younger formations of Phanerozoic age occurring mainly in north Australia
(Ehlert et al., 2011). In our continental εNd representation, north-eastern and eastern
Australia and Tasmania display a relatively homogenous signal with Cenozoic and Mesozoic
rocks dominating, and thus yielding values of around -8 to -6. The presence of Proterozoic
to Archean units in north-western Australia and southern Australia provide two relatively
spatially constrained regions of quite unradiogenic εNd (-20 to -15).

Antarctica displays a high degree of spatial heterogeneity, this heterogeneity has
been observed previously in studies documenting the variability of Antarctic sediment
sources using 40Ar/39Ar ages and bulk < 63µm Sm/Nd isotopes (Roy et al., 2007; Simões
Pereira et al., 2018). This observed systematic variability is in agreement with known
major geological events that characterise Antarctica’s bedrock. Broadly the geology of
Antarctica is naturally divided into East and West Antarctic domains, East Antarctica is
a complex Precambrian craton comprising Archean terrains separated by Proterozoic units,
while West Antarctica is characterised through abundant late Mesozoic-Cenozoic intrusive
volcanic rocks around Palaeozoic and Mesozoic crust (Roy et al., 2007). In our continental
εNd representation here, the most unradiogenic values occur across East Antarctica, with
a general signal around -20 within predominantly Proterozoic and Archean crust, the most
unradiogenic signal of -38 is found within the Archean units of Enderby Land. Radiogenic
values around -5 are found in West Antarctica, representing younger crustal ages of
Mesozoic and Cenozoic rock, with the most radiogenic signal in this region (+5) occurring
within Cenozoic and extrusive volcanic rocks on the Antarctic Peninsula. Intermediate
values occur in our characterisation of continental and marginal rocks surrounding the
Weddell Sea (-14) and the Ross Sea (-8). In these regions, there is a degree of variability
among Holocene marine sediments (ranging -10 to +2 [detrital fraction] and -28 to 11 [in
decarbonated and detrital fractions] within the Weddell Sea and Ross Sea respectively),
which is important, because they are the main sample types used to characterise these
regions. In the Weddell Sea, this variability likely represents detrital contributions from
proximal rocks off the Antarctic Peninsula (in the absence of continental samples, the
nearest marine sediments [detrital fraction] to these rocks range from -6 to +1), and
bordering crust from East Antarctica (nearby marine sediments [detrital fraction] to the
continents range -15 to -10). In the Ross Sea, the variability likely reflects detrital inputs
from the bordering continental crust of East Antarctica (-15 to -6 in bulk rock samples)
and West Antarctica (-9 within bulk rock samples).

2.3.2 Seafloor εNd representation

Consistent with the distribution of continental εNd, the most unradiogenic sediment in
our seafloor compilation (summarised in Fig. 2.3b) is found in the northernmost North
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Atlantic sector, specifically in Baffin Bay, the Hudson Bay and the Labrador Sea, where
εNd values range from approximately -28 to -25, reflecting deep-sea detrital input from
surrounding unradiogenic continental crust. Similarly, but at the opposite end of the
scale, more radiogenic εNd of +3 to +7 is observed in the ocean sediment surrounding
Iceland as a result of detrital input from recent volcanism. Further south and away from
the coast, our interpolation produces a generally more moderate εNd signal of -13 to -11
in the Atlantic Ocean sediments. The Gulf of Mexico/Caribbean Sea contain some of
the more radiogenic sediments (-10 to -9), but otherwise in the open Atlantic, there is a
slight gradient from more unradiogenic values in the northwest to more radiogenic values
approaching the Southern Ocean and Namibia/South Africa in the southeast. However,
we note that the deep Atlantic Ocean is the most data sparse region in our database,
especially in the open South Atlantic. Further data acquisition in this area could alter our
results.

The Mediterranean region is data rich, due to the detailed wealth of published
observations gathered by Blanchet (2019) in addition to detrital measurements accompanying
the data presented by Tachikawa et al. (2017). The Mediterranean Sea is mainly characterised
by an unradiogenic sediment signal of -11, consistent with the majority of observations
here, with an exception being in the east of the basin, located north of Egypt, at the mouth
of the Nile River. Here, multiple observations range from -5 to -2 and the area is broadly
characterised by an εNd signal of -3. These higher values trace the delivery of radiogenic
sediments by the Nile River to the Eastern Mediterranean from Cenozoic volcanic plateaus
of the Ethiopian Highlands (Fielding et al., 2017). The Mediterranean Sea communicates
with the eastern North Atlantic via the Strait of Gibraltar, with Mediterranean Outflow
Water believed to be an important modulator of the North Atlantic salt budget (Tachikawa
et al., 2004; Voelker et al., 2006). This water mass forms seasonally in the east of the basin,
where an εNd gradient towards more radiogenic values occurs, and is thus an important
feature for understanding the sediment-water interaction on the εNd of Mediterranean
Outflow and Atlantic Surface Water in the Mediterranean (Ayache et al., 2016; Tachikawa
et al., 2004).

In the Indian Ocean, as already described in Sect. 2.3.1, unradiogenic detrital sediment
is sourced by chemical weathering in the Himalayan system transported to the oceans via
the Ganges-Brahmaputra Rivers (Lupker et al., 2013), and provides a localised source of
-14 in the Bay of Bengal, a similar signal also persists close to the western coast of India.
Notwithstanding, most of the Indian Ocean away from the continents is characterised by
a more intermediate signal ranging from -9 to -7. In proximity to the western coast of
Australia, the εNd of clay size sediment fractions range from -22 to -8, a result of erosional
supply off adjacent landmasses and surface hydrography, with the most unradiogenic
(decarbonated) detrital sample (-22) off Cape Basin reflecting riverine input of weathered
Archean rock from the Pilbara Craton (Ehlert et al., 2011). Overall, the seafloor sediment
in this region is characterised by an εNd of -21 due to the transport of weathered fine-grain
material from coastal Proterozoic and Archean regions of northwest and west Australia,
by the southward flowing Leeuwin Current, which is the dominant poleward near-coastal
current in this region (Ehlert et al., 2011).

Much more radiogenic signals (+4) are observed surrounding Indonesia and the
Philippines, reflecting detrital input derived from surrounding radiogenic Cenozoic units
forming the Indonesian Archipelago, particularly arc, hotspot volcanics and oceanic plateaux
in eastern Indonesia (in particular, the Ontong Java Plateau), and further detrital input
from the Philippine Islands, one of the main sources of deep-sea sediment in the west
Philippine Sea (Hall, 2002; Zhang et al., 2020). Radiogenic signals (+6) are observed
locally in the Arabian Sea of the Indian Ocean surrounding the Maldives, caused by detrital
input from the Maldives and surrounding basalts underlying the atolls, which formed in
the Mesozoic Era (Gischler, 2006). In the western and north-central Pacific, aeolian dust
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from Asia, the second largest dust source area on Earth, contributes significant terrigenous
material to the seafloor (Han et al., 2011; Nakai et al., 1993), providing an εNd signal of
approximately -10. On the other hand, eastern Equatorial and South Pacific sediments
are more radiogenic, ranging from -6 to -4 in the deep ocean, with more radiogenic signals
observed closer to the continents and on the circum-Pacific ring of fire.

For the high latitudes, in the Arctic Ocean, away from the continental margins, the
seafloor has an εNd of -12, consistent with the majority of detrital observations here. In
the basin of the Chukchi Sea, εNd is -7, influenced here by terrigenous detrital input from
north-eastern Siberia, input from the Yukon River via Bering Strait inflow and from the
Mackenzie River Basin containing input from the Canadian Shelf (Asahara et al., 2012;
Haley and Polyak, 2013). Surrounding the western edge of the broad Eurasian shelf and
Svalbard seafloor sediment εNd is -10, whereas north of Greenland εNd is characterised
by a more unradiogenic signal of -20, resultant from detrital input from surrounding
continental sources (Maccali et al., 2013). The Nordic Seas have a predominant εNd
signal ranging from -13 to -11, with a less negative signal (-6) observed in ocean sediment
within the Irminger Basin, associated with detrital input from mafic source rock from
Iceland and Western Greenland (Stichel et al., 2020). Based on the available data, we
characterise much of the Southern Ocean seafloor εNd to have a relatively intermediate
signature (typically -8 to -5), but with more unradiogenic values of -12 proximal to East
Antarctic shorelines and more radiogenic values of around -4 surrounding West Antarctica.

2.4 Discussion

2.4.1 Combined representation of the εNd signal at the sediment-water
interface

In this study, we have presented an updated compilation of current measurements of a
range of possible sources of Nd isotopes to the ocean, and we have used this new synthesis
to produce a spatially continuous dataset of seafloor and continental margin εNd. In
so doing, we provide suitable data products to facilitate a step-change in our ability to
address outstanding questions concerning marine Nd cycling (e.g. through new conceptual
or three-dimensional ocean modelling) and a methodology for reproducing/adapting our
results.

The possible existence of a benthic flux of Nd to overlying waters, or simply a
less spatially constrained boundary exchange at the sediment-water interface than has
previously been adopted in most modelling studies (Arsouze et al., 2009, 2007; Gu et al.,
2019; Rempfer et al., 2011) brings forth the requirement for global mapping of seafloor
εNd. We undertook this exercise, utilising all of the available data that we are aware
of at the time of writing to produce our final, spatially continuous distribution (Fig.
2.3b). However, we acknowledge that we may have missed some sites, and we hope
that when spotted, others will contribute these to the continually evolving database first
published by Blanchet (2019). There are most certainly underrepresented regions in our
compilation of measurements – notably, huge swathes of the open Atlantic Ocean, deep
Pacific, and southern Indian Ocean – which we hope may become better represented in
time (notwithstanding the practical difficulties associated with very deep ocean sampling),
thus enabling a more thorough capturing of the spatial distribution of seafloor εNd.
Furthermore, as research continues, it may become more practical to further filter the
available data to use only the most suitable sediment sources (ultimately, pore waters
or specifying precisely the labile Nd fractions; see discussion in Sect. 2.2.3.1, above).
Nonetheless, it is a testament to the hard work of the wide research community that so
many observations do already exist, enabling us to produce our best estimate of seafloor
εNd from these data.



46 CHAPTER 2. GLOBAL CONTINENTAL AND MARINE DETRITAL εNd

The final step is to bring the two data products together, and Fig. 2.4 shows our
combination of the continental margin and seafloor εNd distributions. This dataset can
be considered to be our best estimate of the global distribution of εNd at the entire
sediment-water interface to date. To produce this final characterisation of global seafloor
sediment εNd distributions, we used the continental εNd map extrapolated to where
sediment thickness ≥ 1, 000 m, and the remaining sediment regions are represented using
the seafloor εNd map. The signal varies spatially, but in very general terms, the North
Atlantic provides an unradiogenic signal, intermediate values occur in the Indian and
Southern Oceans, and the most radiogenic values occur in the Eastern Equatorial Pacific,
Southern Pacific, and circum-Pacific ring of fire.

Figure 2.4: Nd isotope signature of the global sediment-water interface, showing the
combination of the seafloor εNd and the continental margin εNd maps. This final
characterisation of global εNd distributions at the sediment-ocean interface uses the
continental εNd map extrapolated to where sediment thickness ≥ 1, 000 m, and the
remaining sediment regions are represented using the seafloor εNd map.

2.4.2 Comparison with previous compilation of continental margin εNd

Fig. 2.5 shows the difference in εNd between the previous, seminal map of continental
εNd produced by Jeandel et al. (2007) and the new distribution presented here. With
positive [negative] values showing regions where our newer εNd representation has a more
radiogenic [unradiogenic] signal compared with the previous map. In this section, we
discuss key updates to the original continental εNd map, addressing improvements and
further illustrating regions where data limitation causes outstanding uncertainty. Overall,
our updated compilation has vastly increased the number of suitable continental εNd
observations and also improved the spatial coverage of εNd observations, with an extra
855 samples in addition of those used in Jeandel et al. (2007). This has enabled a more
data constrained representation of continental εNd (see Supplementary Fig. 2.12).
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Figure 2.5: Difference in εNd-units between the continuous representation of continental
εNd presented in this study and the previous map produced by Jeandel et al. (2007).
Positive [negative] values show regions where our newer εNd interpolation has a more
radiogenic [unradiogenic] signal compared with the previous map; no data regions are
coloured dark grey (land) and light grey (ocean).

Broadly in comparison to Jeandel et al. (2007), the new continental εNd map is more
radiogenic in the Arctic Shield, Northern Eurasia, South America, north-eastern Africa
and Antarctica, and has more unradiogenic values over southern Greenland, north-eastern
Europe, western and eastern Africa and parts of the Americas. Jeandel et al. (2007) noted
that in the previous εNd representation, certain regions were data limited and so broad
estimations had to be made, for example continental rock in Alaska, northern Eurasia,
Pakistan, Cameroon, Somalia and Brazil. In Fig. 2.6, we show the new continental εNd
representation in regions where we consider a higher number of observations have improved
the characterisation of εNd relative to Jeandel et al. (2007), as explained in more detail
below, with a particular focus on regions considered important for deep-water formation
and thus potential εNd labelling of water masses by continental erosion.
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Figure 2.6: Regional analysis of the new continental εNd map, with particular focus on
regions important for deep-water formation and thus potential εNd labelling of water
masses by continental erosion. The displayed regions have reduced uncertainty in the
characterisation of εNd relative to the original maps produced by Jeandel et al. (2007,
not shown) in large part due to an increased number of observations. (a) The polar
Arctic region, (b) Antarctica, and (c) the North Atlantic, overlain by the discrete εNd
measurements used in the interpolation presented here and also indicating the three broad
sample types included in the new compilation: river sediment (triangles), marine sediments
(circles), and geological outcrops (squares). For further context, an equivalent version for
the new complete εNd representation of the sediment-ocean interface (i.e. including the
whole ocean floor), both from the seafloor-only data and from combining the seafloor and
continental interpolations based on sediment thickness (see Sect. 2.4.1), is provided in
Supplementary Fig. 2.13.

Newly compiled observations around the Arctic within this study (Fig. 2.6a) have
led to a more detailed representation of the continental εNd in the new map. This was a
particular region of uncertainty in Jeandel et al. (2007), especially across northern Alaska
and north-eastern Eurasia where there were previously no observations. These areas now
have a multitude of continental measurements and the region is characterised by a more
radiogenic signal than was previously estimated, with the signal from northern Alaska
updated from -29 to -15 and north-eastern Eurasia from -14 to -12. The additional seafloor
εNd map adds further previously uncharacterised detail to the region, utilising additional
marine detrital samples from seafloor sediment in the Arctic (shown Supplementary Fig.
2.13a). Here, the Arctic seafloor sediment-water interface is broadly characterised by an
εNd of -12, with more unradiogenic marginal values (-20) north of the Canadian Shield
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and northern Greenland.

A large contrast and increased spatial detail occur in the Antarctic region (Fig. 2.5),
driven by the greater number of observations now available (Supplementary Fig. 2.12).
Fig. 2.6b highlights the improved data density and coverage of observations, particularly in
East Antarctica (notably around Prydz Bay and Enderby Land), Victoria Land, the Ross
Ice Shelf and the Antarctic Peninsula (especially to the west of the peninsula, surrounding
the Bellingshausen Sea). Enhanced availability of data has enabled a better constrained
characterisation of the εNd of Antarctica. However, there still remains data scarcity around
Ronne Ice Shelf in the Weddell Sea, and so our representation of εNd is more uncertain
here. In comparison to the Antarctic εNd presented by Jeandel et al. (2007), the Antarctic
Peninsula, the Ross Sea and the Weddell Sea are much more radiogenic in our interpolation
of measured εNd; +5, -8 and -14 respectively as opposed to the previous more homogenous
estimate of -23. East Antarctica remains unradiogenic with values around -20, and the
most unradiogenic signal (-38) occurs in the Archean Napier Complex of Enderby Land,
East Antarctica.

Antarctic Bottom Water εNd measured close to the Antarctic shelf is believed to
be influenced by marginal sediment inputs, evidenced by increased [Nd] closer to the
continent. Lambelet et al. (2018) found seawater measurements in proximity to the
Antarctic coast also display spatial heterogeneity, carrying Nd isotope fingerprints that
are characteristic of their formation area and consistent with the heterogenous εNd signal
presented in our continental representation. In this study, Adélie Land Bottom Water
samples were found to reflect unradiogenic εNd of surface sediments collected around
East Antarctica, particularly detrital measurements from the Adélie Craton (-20). Ross
Sea Bottom Water reflected the radiogenic fingerprint of West Antarctic lithologies, with
detrital measurements ranging from -6 to +2 and newly formed Weddell Sea Bottom water
was influenced by unradiogenic inputs from old continental crust in the East Antarctic
part of the Weddell Embayment.

This better constrained representation of Antarctic and Southern Ocean εNd may be
an important update for understanding εNd cycling in the ocean, especially if these data are
used as boundary conditions for Nd isotope models. The updates from our compilation and
interpolation are particularly useful because the formation of modern Antarctic Bottom
Water (AABW), which is a key component of the global oceanic overturning circulation,
forms predominantly in the Ross and Weddell Seas and around the much more unradiogenic
East Antarctic margin from the Adélie Coast to Prydz Bay. Thus, here, the εNd signal
from the continents and seafloor sediment may exert a strong influence on seawater εNd

provinciality, as pointed out by Lambelet et al. (2018). Furthermore, the strength and
location of the boundaries of the Antarctic Circumpolar Current (ACC) are important
parameters for understanding the role of the Southern Ocean in global climate change
(Hemming et al., 2007). For example, it has been suggested that glacial stratification
and/or variations in sea-ice cover in the circum-Antarctic may play an important role
in glacial variations in atmospheric pCO2 (Sigman et al., 2004; Stephens and Keeling,
2000). In this context, northward displacement of the westerlies during glacial periods
may have caused reduced ventilation of deep waters around the perimeter of Antarctica,
possibly resulting in an important feedback loop for glacial-interglacial pCO2 changes
(Toggweiler et al., 2006). This may be the kind of circulation shift that will be easier
to discern with an accurate and precise map of εNd sources, helping to identify possible
glacial northward shifts of the ACC major frontal boundaries, for example. Moreover,
the evolution of grounded ice delivering large quantities of eroded sediment to the ocean
may also be easier to interpret with well-characterised continental εNd, shedding light
on local-regional glacial dynamics. Although, it will always be challenging to determine
the Nd (or other) characteristics of currently subglacial source material. In any case,
further constraints on how sediment-water Nd interactions coupled with advection by
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Southern Ocean currents determine seawater εNd distributions, and how these may vary
under modern/interglacial and glacial weathering regimes (including the ability to relate
measured εNd to seawater exposure time, and hence estimate possible deep storage in a
highly stratified ocean), can assist in reaching an improved understanding of fundamental
climate dynamics on glacial-interglacial timescales.

The important regulating role of the Atlantic Meridional Overturning Circulation
(AMOC) on the global climate means that it is the focus of numerous Nd isotope studies
aiming to reconstruct changes in Atlantic Ocean water mass mixing during the recent (and
more distal) geological past, utilising geological archives (e.g. Howe et al., 2017; Lippold
et al., 2016; Piotrowski et al., 2012; Roberts et al., 2010) and through Nd isotope-enabled
climate modelling (e.g. Arsouze et al., 2010, 2008; Pöppelmeier et al., 2020b; Rempfer
et al., 2012). The North Atlantic is thus an important region to characterise well, and in
the new εNd representation, there are a number of moderate updates (Fig. 2.5). Namely,
continental rock to the north of Baffin Bay in north-western Greenland and further in
southern Greenland generally has a more unradiogenic representation of -34, compared
to -30 in Jeandel et al. (2007). Continental crust surrounding the south and east of the
Hudson Bay remain mostly unchanged. However, rock to the north of the bay overall
has a more radiogenic signal than previously estimated, the unradiogenic signal here has
been changed from -27 to -23 within continental crust directly in contact with seawater
here. Over northern Europe, Iceland now has a more radiogenic signal of +7 compared
to 0 in the earlier map, but much of the continental crust in north-western Europe and
in addition north-western Africa that is directly in contact with seawater remains largely
unchanged.

The discrete εNd measurements interpolated to produce the continental map in the
north-western Atlantic (shown in detail in Fig. 2.6c) were mainly the same as used in
Jeandel et al. (2007) (not shown here, see Supplementary Fig. 2.12), with a limited
addition of samples added to the north of Baffin Bay and Greenland. However, in
producing the novel complementary seafloor map, additional marine detrital samples were
collected in this important region (Supplementary Fig. 2.13c), adding greater spatial
representation of observations and thus additional constraints in the Labrador Sea and
the North Atlantic Ocean to improve our overall characterisation of the sediment-water
interface here. Again, these changes may be important when modelling water mass mixing
or interpreting εNd data in terms of ocean water provenance, the Labrador and Nordic Seas
are known sites of North Atlantic Deep Water formation, thus northern-sourced waters
in the Atlantic likely obtain their εNd signature from weathering of this continental crust
and interaction with seafloor sediment (e.g. Stichel et al., 2020).

A marked increase in observations throughout eastern and southern Europe (particularly
the Mediterranean region), and much of the African continent has been achieved
(Supplementary Fig. 2.12), which has directly addressed previous regions of data sparsity
in the former compilation by Jeandel et al. (2007). For example, our new compilation
includes river sediment measurements taken from the Sanaga Basin in Cameroon bordering
the South Atlantic (Weldeab et al., 2011), an area which was previously absent of observations.
Nonetheless, notable regions of data sparsity persist in our compilation, and thus there
remains some significant uncertainty in our continental εNd characterisation in those
areas, which include eastern Africa (notably Somalia), Oman, Pakistan, western India
and eastern Brazil. It is advised that in these regions, users consider this data limitation
and uncertainty in εNd when applying/interpreting results.

In summary, our new continental map has incorporated an extensive and up-to-date
compilation of published εNd observations. It has considerably improved upon the previous
version, primarily through a vast increase in the number and spatial coverage of εNd

observations and directly addressing key regions of data scarcity. This now allows for
more accurate and data-constrained interpretations of εNd measurements, both in terms
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of Nd cycling and for use as a water provenance and weathering tracer.

2.4.3 Improvements to previously utilised seafloor εNd distribution

Du et al. (2020) noted some inaccuracies of previous model schemes for margin εNd

boundary conditions that represented a simplified characterisation of seafloor εNd

distributions produced by linearly extrapolating the data presented by Jeandel et al.
(2007). In some locales, this technique did not appropriately capture the distribution
suggested by core-top detrital measurements, for example extrapolating observations from
southeast Greenland to a wider geographical area yielded extremely unradiogenic εNd (-35)
in the Irminger Sea where core-top measurements suggested a much more radiogenic signal
(-5). Adopting a similar linear extrapolation approach, adding in further constraints by
Blanchet (2019); Pöppelmeier et al. (2020b) imposed a global seafloor sediment εNd map
within a global Nd isotope enabled model. This was done to explore the possible role
of a benthic flux in accurately simulating global marine εNd and [Nd], and investigating
regionally elevated benthic fluxes in the Northwest Atlantic to test how localised inputs
of poorly weathered detrital material could explain the observed early Holocene seawater
εNd anomaly (Howe et al., 2017; Lippold et al., 2016; Pöppelmeier et al., 2020b, 2019).
Through inclusion of a benthic flux, Pöppelmeier et al. (2020b) found an improved global
modern model-data fit for [Nd] was produced relative to previous schemes, as well as an
equivalent level of skill in predicting seawater εNd compared to previous studies.

With the addition of over 3,500 extra observations to the initial Nd compilation by
Blanchet (2019), including an additional 842 relevant Holocene samples than utilised in this
most recent study from Pöppelmeier et al. (2020b), we have vastly increased the number
and the spatial coverage of appropriate observations in order to characterise the εNd of
the entire sediment-water interface. This particularly includes the addition of more distal
seafloor detrital observations, notably covering the eastern North Atlantic, Central Pacific,
northern Indian Ocean and the Southern Ocean (Fig. 2.1). As a result, we have overcome,
or at least greatly limited the occurrence of extrapolation biases highlighted in previous
model boundary conditions within our new, detailed and constrained seafloor εNd maps.
Furthermore, in producing a broadly representative global seafloor εNd distribution, under
the consideration of margin-seafloor continuity and inclusion/application of state-of-the-art
knowledge within our methodology (though acknowledging the limitations of persistent
data scarcity), we have improved markedly upon earlier work. For example, our seafloor
εNd representation in the Irminger Sea is -6, which is more consistent with local core-top
observations and representative of radiogenic detrital input from the Iceland hotspot.
The unradiogenic signal of -23 and -33 associated with Proterozoic and Archean crust
respectively in southeastern Greenland, which has previously been extrapolated out to
the Irminger Sea, is now constrained to coastal margins. Furthermore, in the seafloor
sediment boundary conditions presented by Pöppelmeier et al. (2020b), extrapolation
of observations from the Antarctic into the deep South Pacific Ocean give it a very
unradiogenic signal of -20, whereas our more radiogenic εNd characterisation of -6 is more
consistent with detrital observations and with the geology of this area (i.e. proximity
to the East Pacific Rise). We were able to achieve this improvement by refining the
spatial variability around Antarctica compared to earlier work using a larger compilation
(as discussed Sect. 2.4.2) and by including additional marine detrital observations in the
South Pacific.

The presented seafloor εNd maps therefore provide a considerable improvement upon
previous simplified linear extrapolation methods. Our key ambition in this regard is
to enable users ease of access to appropriate boundary conditions and thus to facilitate
future improved model εNd representation. By doing so, we hope to have empowered
the community to progress our understanding of sediment-water interaction of Nd and
further to build upon this established database, incorporating further understanding of
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the sediment εNd distributions and its role in governing the Nd characteristics of seawater.

2.4.4 Modelling applications and future work

We envisage that one of the major applications of our new εNd distributions will be for
designing/implementing the boundary conditions required for Nd isotope models. Such
models could range in complexity from relatively simple box-models to full complexity
general circulation models. What all have in common, is the need for pre-defined Nd
sources. With the emergent (but still debated) benthic flux hypothesis, future models will
require knowledge of the εNd of seafloor sediment to be able to constrain a benthic flux
and model the non-conservative processes involved in marine Nd cycling.

The new datasets presented in this study are therefore useful for further modelling
applications like the research undertaken by Pöppelmeier et al. (2020b) in exploring
sedimentary Nd sources. For example, they can be used to examine the nature and
magnitude/rate of a benthic flux, and to produce quantitative estimates of a global benthic
Nd flux into seawater. Our work will facilitate the community to build upon previous
modelling efforts (Arsouze et al., 2009; Gu et al., 2019; Pöppelmeier et al., 2020b; Siddall
et al., 2008b) and explicitly, quantitatively test the range of proposed major sources, sinks
and internal cycling mechanisms that govern modern marine Nd distributions. In this
way, our new maps, which span the whole ocean-sediment interface, can be employed
to examine current paradigms in Nd cycling, including the geographical and geochemical
extent of sediment-ocean Nd interactions, and additionally may be used to better estimate
Nd ocean residence time. Specifically, it will be more straightforward to systematically
explore the sensitivity of εNd and [Nd] to different benthic source parameterisations
and distributions. This could be achieved, for example, by (i) examining a range of
sediment fluxes, (ii) exploring further regional elevated sources from poorly chemically
weathered material, and/or (iii) estimating the non-conservative sedimentary processes
and the validity of such schemes in producing realistic modern εNd and [Nd] distributions.
Our new maps additionally enable sensitivity tests in models to explore how physical
changes to the strength and structure of ocean circulation impact marine εNd and [Nd]
under a bottom-up model of marine Nd cycling. Such investigations would undoubtedly
provide useful information towards constraining marine Nd budgets, which is essential for
robust interpretation and continued application of Nd isotopes as a useful tracer of ocean
circulation.

The modern North Pacific represents a key location for testing the benthic flux
hypothesis, and thus an important region for modelling applications since the first benthic
flux measurements from Abbott et al. (2015b) were taken on the Pacific margin, providing
direct evidence for a sedimentary Nd source here. Further, under modern sluggish circulation
in the deep Pacific, and alongside detrital input of labile volcanic material into the region,
we believe it is an important region to test the potential relabelling of bottom water masses
by a benthic flux, and could even be suitable to explore the use of εNd as a kinematic
tracer. Our seafloor sediment εNd distribution presented here now enables more detailed
exploration within the Pacific, and thus may enable a new perspective on what could
be considered a previously overlooked, but potentially important region for understanding
global marine Nd cycling. Further, although not a modern region of deep water formation,
the North Pacific may have been a significant contributor to global overturning at times
in the past (e.g. Hague et al., 2012; Rae et al., 2014), here conceptual studies could
be used to explore changes in εNd distributions as a result of enhanced convection and
the presence of Pacific Deep Water formation. These could provide a context for how
sedimentary controls govern seawater εNd under various idealised palaeo reconstructions
of circulation states, it must be noted, however, that utilising the global sediment εNd

maps presented here for such experiments would be limited by the assumption of stable
sedimentary Nd fluxes through time (e.g. not accounting for changes in sedimentation
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rates and/or distribution of detrital sediment). Regardless, such studies would provide an
important first step towards quantifying the potential overprinting affect that a benthic
flux may have on bottom waters under various circulation regimes.

The seafloor εNd maps presented here also create the opportunity to test further
hypotheses related to constraining particle-seawater interaction in marine Nd cycling.
Haley et al. (2017) suggested that a large difficulty in resolving the Nd paradox could
be a result of undue emphasis placed on reversible scavenging, with the mass transfer
required via vertical water column processes being implausible to explain fully the observed
[Nd] increases with depth. The sediment εNd distributions presented here would enable
global sensitivity experiments to utilise these maps, in conjunction with the comprehensive
nature of GEOTRACES seawater Nd sampling, to constrain further both water column
and sedimentary processes that govern marine Nd.

Further applications could also involve testing the role of a benthic flux on seawater
εNd in the North Atlantic under different circulation regimes. Under the benthic flux
hypothesis the limited expression of non-conservative behaviour in the modern North
Atlantic has been attributed not to a lack of sedimentary source, but as a result of
a short benthic flux exposure time relative to high ventilation rates (Du et al., 2020;
Haley et al., 2017). This behaviour cannot always be assumed, particularly during times
when the AMOC was believed to be much weaker in the recent geological past (McManus
et al., 2004). As such, idealised studies, for example analysing Atlantic end member
εNd under a current (high ventilation) and also a reduced AMOC state, would provide
valuable information on how benthic flux exposure times may influence seawater εNd,
useful especially for interpreting palaeoceanographic εNd records.

The high-resolution (0.5◦×0.5◦) gridded maps of the continental and seafloor detrital
εNd are provided in Supplementary Dataset S1 and S2, the maps are also available in
vector format, and so can be accessed at different spatial resolutions to suit specific
user applications. These observations thus form the basis of exploring the benthic flux
hypothesis in numerical models in order to understand and quantify its potential role
in controlling the marine distribution of Nd isotopes, working towards solving the ‘Nd
paradox’. These data products have been designed to facilitate more modelling and
sensitivity studies, with a future aim of coordinating a Nd isotope enabled model
intercomparison study.

In closing, appropriate to current understanding of sedimentary Nd sources, we chose
to represent the dominant εNd signal using lithology and sediment types to inform the
origin, age distribution and environment of sediment particles in contact with the ocean,
as a first order approach to quantifying the sediment reactive Nd signal. The application
of such a method in this work is supported by results from Du et al. (2020), who used
a conceptual model to relate the non-conservative εNd to published core-top detrital
sediment, finding that these two characteristics are well correlated globally. Nonetheless,
there still remains uncertainty regarding sediment-water exchange of Nd, especially an
incomplete understanding of the controls on dissolved εNd distribution in the deep ocean
(Wilson et al., 2013), and with particular regard to assessing the main reactive Nd phases
in the sediment, which ultimately interact the most with the overlying water column.
To narrow down or eliminate these uncertainties, detailed further analyses of global
sediment compositions, inputs, transport history, ageing, mineral chemistry, local pore
water chemistry and redox state are required (Abbott et al., 2019; Abbott, 2019; Wilson
et al., 2013). Such additional research would better inform the work we have undertaken
and could be used to refine our proposed εNd distributions, assuming there are a sufficient
number of available εNd measurements from the identified reactive phases. In such a
case, it would be useful to perform sensitivity studies on both the regional distribution of
εNd arrived at by interpolating different selections of sediment types and reactive phases,
and on numerically predicted water column εNd achieved by utilising those different



54 CHAPTER 2. GLOBAL CONTINENTAL AND MARINE DETRITAL εNd

distributions as model inputs. The compilation and data products presented here do not
seek to estimate the reactive sedimentary Nd phases, and we have avoided making complex
assumptions about how such phases may behave differently. However, by highlighting
this discussion, and visualising the distribution of seafloor εNd surmised from currently
available data, our work draws attention to current gaps in the observational record and
their potential effect on our collective perspective of sedimentary Nd sources to the ocean.
Moreover, we hope this will pave the way towards reaching a better understanding of the
lability of Nd in deep sea sediment as well as its role in marine Nd cycling and continue
the application of εNd as a valuable tool for palaeoceanographic reconstruction.

2.5 Summary and Conclusion

The important role of sediment-water interaction in governing oceanic Nd sources and
sinks is widely accepted. However, the detail of these processes remain some of the least
understood aspects of marine Nd cycling. The updated compilation of sedimentary εNd

measurements from the continental margins and deep ocean presented here build upon
the work of Jeandel et al. (2007), extending the remit of the previous study to include
measurements from pore waters and deep seafloor detrital samples in order to improve
the characterisation of global εNd distributions at the entire sediment-ocean interface.
Thus, our new continuous, global, gridded datasets provide the opportunity to explore the
non-conservative sedimentary processes that control global Nd cycling. Our results are
especially designed for investigating marine Nd cycling, particularly to aid in constraining
the magnitude and εNd from sediment-water interaction and constrain how this influences
the distribution of marine εNd. The maps can be used in the implementation of Nd isotopes
in numerical models to perform sensitivity and palaeo-experiments, enabling the explicit
simulation and quantification of non-conservative sedimentary Nd sources (e.g. testing of
a possible benthic flux) and examining the relationship between circulation speed, detrital
sediment composition and magnitude of sedimentary inputs under modern and recent
(i.e. Quaternary) palaeoceanographic reconstructions. All of this offers a concrete way
forward to improve the application of Nd isotopes as a useful tracer of water provenance
and mixing, and potentially also as a kinematic tracer of ocean circulation. Future work
may aid more rigorous, process-based corrections to evolve this tool. Specifically, once
Nd sediment-water interactions within under-studied oceanic regions and sediment types
have been more widely analysed, this work will lead to a better understanding of the
mechanisms of sediment composition on upward Nd fluxes into seawater.

2.6 Supplementary Information

The presented database of εNd measurements, along with the global, gridded datasets
and all input files for reproducing the maps are available via the Research Data Leeds
Repository at (https://doi.org/10.5518/928; Dataset S1-S2, Table S1-S4 and Directory
S1-S2).

Dataset S1: Continental εNd map: gridded (0.5◦ × 0.5◦) and vector format.

Dataset S2: Seafloor εNd map: gridded (0.5◦ × 0.5◦) and vector format.

Table S1: Full εNd compilation presented in this study. See Tables S3 and S4 for the
specific data used for each component of the high resolution, spatially continuous εNd

distribution presented here.

Table S2: New Southern Ocean εNd data, contributed by co-authors for the < 63 µm
fraction of Holocene samples from East Antarctica (see Text S2.1and Fig. 2.7 for methods
and location).

Table S3: Continental εNd observations utilised in the spatially continuous continental

https://doi.org/10.5518/928
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εNd distribution.

Table S4: Marine detrital and pore water εNd observations used in the spatially continuous
seafloor sediment εNd representation.

Directory S1: Files required for the continental εNd interpolation.

Directory S2: Files required for the seafloor εNd interpolation.

Text S2.1 Methods for producing the new Southern Ocean measurements
contributed by co-authors

Sites were chosen to represent different sediment provenance sectors surrounding
East Antarctica and different depositional settings (proximal continental shelf, continental
slope, submarine highs – e.g. Maud Rise and Kerguelen Plateau – and distal deep ocean
basins). No samples were available offshore of Enderby Land.

The majority of sediment samples were taken from between 10 and 42 cm below
core-top to avoid anthropogenic Pb contamination since Pb isotopes were also being
examined (not reported here). Most sampled sediments were composed of fine-grained
clays and silts. Fractions < 63 µm were analysed to minimise potential supply of detrital
material from distally sourced icebergs, but we recognise that this fraction can also contain
fine grained IRD.

Bulk sediments were wet sieved into < 63 µm and > 63 µm fractions using nylon sieves.
Approximately ∼1.5 g of the < 63 µm fraction was weighed into cleaned 50 ml centrifuge
tubes. Sediments were leached of carbonate using 30 ml of buffered acetic acid (pH 5) for
12 hours. This process was repeated until the sediment no longer reacted. The remaining
material was then washed with ultraclean water three times and then subsequently leached
in 10 ml of 0.5 M hydroxylamine hydrochloride in 10% glacial acetic acid (HH) for 24 hours
to remove Fe-Mn oxide-oxyhydroxides coatings (modifed from Gutjahr et al. 2007). The
residues were then washed three to five times in ultraclean water, dried, and gently crushed
in a pestle and mortar. Despite the high biogenic opal contents of some Holocene Southern
Ocean marine sediments, samples were not subjected to opal removal. This is because
trace elements in biogenic opal are mainly sourced from detrital grains incorporated into
frustules, and elemental concentrations of rare earth elements (REE’s) and U, Th and Pb
in pure opal are very low (Andersen et al., 2011; Goldberg et al., 2008; Phedorin et al.,
2000). Approximately 50 mg of the > 63 µm fractions was weighed into clean Teflon vials
and digested on a hotplate for several days using concentrated HF and HNO3 (3:1).

Dissolved samples were dried and run through columns to isolate Nd. The REEs
were concentrated using TRU-Spec resin (100 − 120 µm bead size; modified after Pin
and Santos Zalduegui (1997)). Samples were loaded in 1M HNO3, and bulk REE were
subsequently eluted using 1M HCl. Neodymium was then isolated by loading the REE
cut onto an Ln-Spec resin column (50 − 100 µm bead size; modified after Pin and Santos
Zalduegui (1997) and eluted volumetrically with 0.2 M HCl. Nd separates were converted
to HNO3 in preparation for mass spectrometry and analysed on a Nu Plasma MC-ICPMS
at the University of Florida over an 11-month period using a time-resolved analysis method
(Kamenov, 2008). Nd fractions were diluted with 2% HNO3 to obtain a 4-6 V beam on
144Nd and aspirated into the source using a DSN-100 nebulizer. A 146Nd/144Nd ratio
of 0.7219 was applied to correct for instrumental mass bias following the exponential
law. Tests showed that interferences from 144Sm are adequately corrected if the 144Sm
contribution is less than 0.1% of the 144Nd signal. Samarium contributions of all samples
were significantly below that level. The JNdi-1 standard was run between every five to
six samples and the difference between the daily average of these standard runs and the
published value of 0.512115 for JNdi (Tanaka et al., 2000) was used to correct all measured
143Nd/144Nd ratios. Procedural blanks were routinely less than 20 pg or less than 0.1% of
total estimated Nd concentration for measured samples. All samples, and associated meta
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data are reported in Table S2 and Fig. 2.7 shows the location and εNd of all observations.

Most samples reported here are of Holocene age (deposited during the past 11.7 ka),
and so those samples located within our 3◦ coastline buffer were included as marine
sediments in our continental database (11 samples: shown in Table S3, full details on
continental selection criteria in Sect. 2.2.2.1 of the main text and Text S2.2 below), and
all samples were included in our seafloor database (Table S4). As highlighted above, data
listed from Cook, Martin et al. (unpublished) were collected from 10-42 cm subsurface
to avoid anthropogenic contamination for another aspect of the study. Thus, some of
these samples may be older than Holocene. However, in terms of detrital data, they likely
represent material sourced from the major proximal geologic terranes and therefore still
represent appropriate εNd for inclusion in our study.

Text S2.2: Continental εNd data collection and representation: sample types

As outlined in Sect. 2.2.2.1 of the main text which describes the data selection and
filtering methods for establishing our suitable discrete εNd continental data, we selected
Holocene (specifically 11.7 ka to present) observations which came from three broad sample
types: river sediment samples, which deposit on the continental shelf and slope; Holocene
marine sediments collected along given margins; and geological material outcropping close
to an oceanic margin expected to be weathered. Below we detail the evidence behind
selecting these sample types for inclusion in our continental dataset.

River sediments samples: Suspended river load, delta, shelf and fan deposits are
considered a significant potential input of Nd to the ocean (Jeandel et al., 2007; Rousseau
et al., 2015). As products of weathering and erosion, river sediments deposited on the
continental margin likely capture the mean isotopic signature of their drainage basins
(Goldstein and Jacobsen, 1987; Goldstein et al., 1997, 1984). Once released in the oceanic
realm, fluvial sediments will interact with seawater and are therefore representative of the
εNd signature of the margin-ocean interface.

Marine sediments: Surface sediment samples provide direct information on the
εNd of material in contact with seawater. Samples representative of this present-day
interface were chosen using a set of criteria: a) core-top samples, defined as the upper
centimetre of sediment deposited, or b) sediments of Holocene age, i.e., deposited during
the past 11.7 ka, and c) sites within ≈ 300 km of the coastline (defined via a 3◦ buffer
from coastlines). It is assumed here that sediment provenance and thus detrital input is
rather invariant during this time period. This decision is supported by evidence in the
North Atlantic, where Holocene sediment core-top calibrations to seawater yield a general
good agreement throughout this time period (Howe et al., 2017; Lippold et al., 2016;
Pöppelmeier et al., 2020a, 2019). However, it is worth noting that there are occasional,
and relatively localised exceptions. For example, temporal excursions in sediment εNd

constrained to the northwest Atlantic during the Bølling-Allerød and early Holocene
have been observed, explained by the potential redistribution of sediment by benthic
nepheloid layers or through pulses of poorly chemically weathered detrital sediment from
the retreat of the Laurentide Ice Sheet (Howe et al., 2017, 2016; Pöppelmeier et al., 2019).
Nonetheless, and with these exceptions aside, the marine sediment measurements from
sites proximal to the continents are known to broadly trace the average composition of the
crust exposed to weathering and erosion and thus capture a more spatially representative
distribution of εNd than might otherwise be expected from a single site (McLennan et al.,
1990). Older samples are disregarded as the εNd may vary due to different climatic and
oceanographic conditions (Blanchet, 2019).

Continental geology: Outcropping fields (soils, surface sediment and rocks) provide
indirect data for constraining the continental input of Nd to the oceans. That is, the
outcrops themselves are not in contact with water masses, but the εNd from these samples
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capture large sediment regions surrounding the coasts, which may be eroded and subsequently
their εNd signatures be delivered to the ocean. Therefore, these samples are likely to
provide a representative signal of adjacent weathered continental margin sediments (Goldstein
et al., 1984). This assumption is supported by comparisons between the sediment province
and εNd from core-tops (see above), which suggest that sediments deposited along a given
margin have an isotopic signature similar to the surrounding outcropping fields exposed
to weathering (McCulloch and Perfit, 1981; Plank and Langmuir, 1998).

Text S2.3: User manual for the interpolation methods to produce gridded
continental and seafloor εNd representations

S2.3.1: Overview, file location and software

The interpolation methods presented here provide a clear outline of which files are
required to reproduce our data, which software we used to create the spatially continuous
datasets, and our precise methodological process for undertaking the interpolation of
discrete εNd observations. All files required to produce each of the final spatially continuous
εNd maps are packaged together with the final datasets they were used to create; zipped
Directory S1 for the continental margin εNd and zipped Directory S2 for the seafloor
εNd. We took specific care to utilise freely available software and supply all input data
in the attached files, alongside a detailed description of how we used these to create
our refined εNd distributions (below), thus providing a fully transparent methodology to
facilitate accurate reproducibility of the final data products. The contribution of further
observations to the continually evolving database first published by Blanchet (2019) is
encouraged. It is hoped these data products (and the methods described below) become
an evolving tool.

To create the εNd maps, we utilised QGIS, a free open-source desktop geographic
information system (GIS) application. The files that we loaded into QGIS to perform the
interpolation are listed below. The discrete observational εNd data that form the basis
of the interpolation are stored in a delimited text file (.csv). The continental and marine
lithologies, which are used to constrain the interpolation of these discrete data according
to underlying geological/lithological units, are stored as geospatial vector data (.shp).

Files for the continental εNd interpolation, can be accessed from zipped Directory S1:
Continental

- Discrete continental εNd:
/discrete observations/continental database.csv

- Continental lithology file:
/lithology/continental lithology revised.shp

Files for the marine detrital and pore water εNd interpolation, can be accessed from
zipped Directory S2: Seafloor

- Discrete detrital and pore water εNd:
/discrete observations/detrital-porewater database.csv

- Seafloor lithology file:
/lithology/seafloor lithology revised.shp

S2.3.2: Creation of the continental lithology map

The digital geological map as used in Jeandel et al. (2007) can be downloaded from
Directory S1: /lithology/continental lithology original.shp.

It is in geospatial vector data (.shp) format and provides polygons delimiting the
(simplified) distribution of the main various geological units comprising Earth’s continental
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surface. This map was used to constrain our interpolation of discrete data points according
to the underlying geological units (i.e., providing hard boundaries to the interpolation of
individual discrete data) in order to maintain a basic level of regional geological consistency
in our continuous characterisation of continental margin εNd.

The polygons representing the interior of Greenland and Antarctica, classified as
‘glacier’, were removed from this file due to the presence of extensive ice sheets in these
regions, which hinder the acquisition of in-situ crustal εNd measurements and hence
prohibit an accurate estimation of underlying εNd characteristics. Moreover, since these
regions are not directly in contact with seawater, they were not required for representing
the εNd of the sediment-water interface. The revised lithology map used in our final
interpolation can be downloaded from Directory S1:
/lithology/continental lithology revised.shp.

S2.3.3: Creation of the seafloor lithology map

The seafloor lithology high resolution gridded map from Dutkiewicz et al. (2015), can
be downloaded (.shp format) from Directory S2: /lithology/seafloor lithology original.shp.
This file provided polygons for the dominant seafloor lithologies. Adopting the assumption
that the seafloor lithological types at least partly describe the major sedimentary source
and characteristics of detrital and pore water εNd (see discussion in Sect. 2.2.3.2 of the
main text), this map was used to spatially delimit the interpolation of discrete data points,
allowing us to continuously characterise the seafloor within depositional sediment types
assumed to contain similar Nd characteristics.

Notably, the GlobSed map does not capture some key features in seafloor lithology that
we anticipated would significantly affect the resulting εNd distribution in the interpolation.
We therefore needed to make some manual adjustments to seafloor lithology original.shp
in order to take account of these important features:

L1: Globsed does not have full global coverage in the polar Arctic region, only extending
to 75◦ N. It was therefore necessary to extend the map to cover marine regions north
of this extent to allow full global coverage, here we allocated the associated new
polygons a ‘no data’ lithology. However, to avoid producing an overly homogenous
signal in the Arctic (i.e. where a single εNd value is assigned to the entire ‘no
lithology’ polygon here) and allow the subsequent εNd interpolation to reasonably
capture the spatial variability evident in the measurements, we then split up the
Arctic into several smaller polygons according to largescale differences in the
characteristics of the broad shelf areas and including significant fluvial influence
(Asahara et al., 2012; Haley and Polyak, 2013; Maccali et al., 2013).

L2: In the region comprising the Azores volcanic island chain basin, detrital input from
volcanic basalts which lie on the lateral branch of the Mid-Atlantic Ridge, need
to be spatially confined. Here we maintain the regions distinct characteristics by
introducing an extra, small polygon into a large spatial area domain characterised
by calcareous sediment within the central North Atlantic. This ensures we represent
the local radiogenic detrital characteristics of this area but means that observations
here are not extrapolated across large areas (Grousset et al., 1988).

L3: In the region surrounding the Maldives, detrital input from basement basalts underlying
the atolls, which formed in the Mesozoic Era (Gischler, 2006), need to be spatially
confined to keep the signal local, ensuring that neighbouring regions do not pick up
the very radiogenic signal from these samples in the numerical interpolation as they
are not likely directly exposed to the radiogenic sedimentary source. We therefore
introduced an extra, small polygon to encircle the detrital input from these basalts
and spatially confine the radiogenic εNd measured there.

L4: In the region surrounding the Seychelles, detrital input from the granitic islands
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of the Seychelles Plateau, including crust of Precambrian origin (Hammond et al.,
2013), need to be spatially confined to keep the signal local. Again, ensuring the
neighbouring regions, particularly here classified with large lithology field domain
areas, do not pick up the unradiogenic signal from these samples in the numerical
interpolation, as they are not directly exposed to it. Instead, they can be assigned
an εNd which is more consistent with the marine samples within that wider domain.
Here we introduced an extra, small polygon to encircle the detrital input from these
granitic islands and spatially confined the unradiogenic εNd measured there.

L5: Globsed does not have full global coverage in the polar Antarctic regions, only
extending down to 75◦ S. It was therefore necessary to extend the map to cover
marine regions south of this extent to allow full global coverage, here we allocated
the associated new Antarctica polygon a ‘no data’ lithology.

The resulting revised lithology map from all of these seafloor lithology changes
(summarised in Supplementary Table 2.1: L 1-5 and shown in Fig. 2.8), which is the final
version used for our interpolation, can be downloaded from Directory S2:
/lithology/seafloor lithology revised.shp.

S2.3.4: Key assumptions

In order to choose a suitable interpolation technique for transforming discrete (and in
many cases spatially sparse) observations into continuous fields, careful consideration of
the present understanding of εNd characteristics in rock and detrital sediment was made,
accepting some practical limitations both in the extent of this knowledge and available
numerical methods. Outlined below are the main assumptions underpinning our choice of
interpolation alongside uncertainties arising from incomplete knowledge, especially relating
to the understanding of depositional seafloor sediments.

For continental εNd, our interpolation relies on the current knowledge that isotopic
Nd characteristics are closely related to the host rock’s age and composition (Jeandel
et al., 2007). For example, according to the Nd-model age relationship, which describes
the crustal residence age (Goldstein et al., 1984; Goldstein and Hemming, 2003; Taylor
et al., 1983), generally older continental crust will be more unradiogenic than younger
crust. Here, we assume that these characteristics dominate any other influence on εNd,
and thus εNd is homogenous within each local lithological unit. As outlined in Sect. 2.2.2.1
of the main text (description of ‘filtering’) and Text S2.2, the discrete observational data
employed for the interpolation were carefully selected so as to be representative of the
average εNd of the coastal continental region it came from and not of any specific intrusions
or otherwise peculiar samples. Although this does simplify the spatial variability of εNd,
it does produce a broadly accurate distribution and we therefore deemed it unnecessary
to introduce further arbitrary complexities to our approach.

For the marine detrital and seafloor interpolation, we assume that modern seafloor
detrital phases retain the isotopic signature of their source rocks throughout weathering,
sediment transport and diagenesis (Grousset et al., 1998, 1988; Nakai et al., 1993). As
such, within regional lithological units, for example an area dominated by clay sediments
in the North Atlantic, we assume that the detrital material has the same source and thus
that the εNd characteristics are similar (relating to source rock age and composition).
This assumption is justified in areas such as the North Pacific, a region dominated by
red clay, that has a relativity homogenous εNd signal (-10) in detrital material associated
with input from Asian dust (Nakai et al., 1993). It must be noted, however, that the
sediment composition map used is heavily biased towards biogenic phases (i.e. large
regions dominated by opal and calcareous oozes) (Dutkiewicz et al., 2015). As such, our
interpolation assigns an εNd value to biogenic sediments based on detrital observations
and thus may not necessarily represent the εNd signal from the dominant biogenic phases.
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Nevertheless, the εNd from a possible seafloor flux will depend on the reactivity of the
underlying detrital sediment, which can be driven by only a small fraction of the sediment
(i.e. clay dissolution) – see discussion in the main text (Sect. 2.2.3.1) – and therefore our
approach may not introduce such a strong bias as would otherwise be the case. Moreover,
it has been found that εNd measurements on bulk sediment, including carbonates, do not
appear distorted by the seawater/biological signal (Bayon et al., 2002), most likely due to
there being low [Nd] in biological sediment. Thus, we deemed detrital samples as being
sufficiently representative (and our best option) for broadly characterising the signature
of seafloor sediments to provide a best estimate of global εNd from the available data.

S2.3.5 Nearest neighbour analysis

Considering the current knowledge of crustal and sedimentary εNd, and the limitations
described above, we chose to use nearest neighbour analysis to interpolate the discrete εNd

observations onto a high resolution, global grid. Nearest neighbour interpolation assigns
the lithology fields an εNd value based on the observational value which rests within the
field or is closest to it. We did not apply any weighting criterion or generate intermediate
values based on complex rules and [potentially incorrect] assumptions. We recognise that
the described approach won’t capture all features of εNd at the ocean-sediment interface,
but we deemed it to be the best approach as it allowed us to exploit all the evidence we are
aware of and make only a most basic level of assumptions (outlined in Text S2.3.4) while
avoiding incorporating less supported suppositions. It also provides a clear foundation
for more detailed and complex approaches to investigate specific aspects of our final εNd

distribution or methodological assumptions in the future.

In QGIS, we used the Nearest Neighbour Join (NNJoin) plugin. This joined the two
vector layers (the input and the join layer) based on nearest neighbour relationships. More
explicitly, a feature from the input layer is joined to the nearest feature in the join layer,
resulting in a new vector layer with the same geometry type and coordinate reference
system as the input layer. For our application, NNJoin attaches the discrete observational
points to the lithology fields and assigns each geological/lithological-unit polygon an εNd

value according to the sample that fell within its spatial domain with the nearest distance
to the centre of the polygon, or in the absence of any measurements within the domain,
according to the nearest sample by distance to the centre of the polygon.

S2.3.6: QGIS Nearest Neighbour methods

S2.3.6.1: Continental εNd initial interpolation

For the continental map, in a QGIS project file, the discrete εNd observations and
lithology files (continental database.csv and continental lithology revised.shp, respectively)
are loaded. From there, the NNJoin plugin is selected (the plugin can be installed directly
via the QGIS Plugins Manager), and once opened, the following options are selected to
perform the initial ‘raw’ interpolation:

Input vector layer: continental lithology revised.shp

Join vector layer: continental database.csv

Neighbour distance field: distance

Then, the nearest neighbour analysis can be run (select ‘ok’), creating a new vector
layer containing the raw continental interpolation. The vector layer contains a variety
of metadata detail, including lithological type, Nd sample information and the distance
(decimal degrees) between the centre of the lithology polygon and its nearest input εNd

measurement.
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S2.3.6.2: Marine detrital and pore water εNd initial interpolation

The same method as described in Text S2.3.6.1 is applied to generate the seafloor
εNd representation, with the following selected via the NNJoin plugin to perform the raw
interpolation:

Input vector layer: seafloor lithology revised.shp

Join vector layer: detrital-porewater database.csv

Neighbour distance field: distance

Once the nearest neighbour analysis is run, a new vector layer is generated containing
the raw seafloor detrital and pore water interpolation and the same metadata as for the
continental margin counterpart (see above). Both the raw interpolation of the continental
and marine sediment data can be accessed from /intial interpolation/ within Directory
S1 and S2, respectively.

S2.3.7: Revision of initial interpolation

The initial, raw interpolation of both maps allowed a global characterisation of the
general εNd of the continents and seafloor sediment based on representative observations.
However, there are inherent errors in these distributions arising from the simple and
purely numerically based interpolation. Text S2.4 describes and explains all of the expert
manual adjustments made to reduce these errors and improve the interpolation for both
maps. Supplementary Tables 2.2 and 2.3 contain a summary of these modifications and,
where relevant, the calculation of mean εNd within specified domains. We made a small
number of manual adjustments to the interpolation, focusing these efforts on the major
changes required to bring it into broadly better accord with available evidence (i.e., the
wider published literature) and the expert judgement and field/laboratory-experience of
co-authors. The adjustments were only performed where the interpolation had failed to
capture the real spatial heterogeneity in crustal and marine sediment εNd or produced εNd

that (as stated in the main manuscript), from our knowledge and experience base, appeared
to not represent the broader regional signal, e.g., due to measurements capturing only very
localised εNd and the numerical interpolation inaccurately dispersing those signals. In
marine lithological domains, manual adjustments were also made in instances where there
were numerous datapoints within large lithology polygons. Here, an εNd was assigned
from calculating the mathematical mean of all datapoints within its domain, utilising
the abundance of observations to assign a more typical εNd, which the NNJoin approach
does not automatically do. Modifications were likewise made to areas around spatially
constrained localised extreme εNd signals, e.g., from volcanic island arcs, ensuring the
localised signals are represented but they do not extend into sediment regions not directly
exposed to such detrital input. See below for details.

Text S2.4: Detailed description of the expert adjustments made to the initial
purely numerical interpolation

All manual adjustments made to the continental and seafloor detrital and pore water
εNd interpolation are documented below in detail and then summarised in Supplementary
Table 2.2 and Table 2.3, respectively. Where the adjustment involved taking the mathematical
mean of the available data, in order to best represent domains containing a large number
of data points, the εNd of all samples are listed in Supplementary Table 2.3 alongside the
mean and standard deviation.

S2.4.1: Continental εNd representation: manual adjustments to the initial εNd interpolation

C1: A thorough comparison of the outcropping geological fields surrounding the Hudson
Bay was made with the initial interpolation and following a recent map representing
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bulk surface sediment εNd in the North Atlantic (Stichel et al., 2020). It was found
that most domains assigned an εNd were consistent with the spatial distribution of
εNd represented in Stichel et al. (2020), capturing the unradiogenic features here
related to old continental Archean crust and the North Atlantic Craton. A change
was made to a Proterozoic domain on the east coast of Newfoundland, correcting a
radiogenic bias from -5.3 to -27.7, matching that of proximal Proterozoic fields, and
through considering the signature of adjacent Archean fields.

C2: A radiogenic bias in Archean rock surrounding the south of the Hudson Bay was
alleviated by assigning the domain here a more unradiogenic value, consistent with
the εNd-continental age relationship, the geology of the domain and the εNd of
similar Archean and Proterozoic fields north of the Hudson Bay. The εNd value was
corrected from -5.3 to -23.1.

C3: A radiogenic bias also occurred in lower Palaeozoic rock in the south of the Hudson
Bay (adjacent to the Archean rock detailed in C2 above), this occurred due to data
limitation in the region meaning a more radiogenic datapoint to the southeast from
Toronto, Canada was extrapolated to this region. Here the bias of -13.3 was corrected
to -28.9. Matching that of a marine margin observation within the Hudson Bay.

C4: Due to Greenland being located near modern North Atlantic Deep Water (NADW)
formation, the attributed εNd fields were closely analysed through comparison with
a high resolution stratigraphy map from the Geological Survey of Denmark and
Greenland (GEUS), accessed from (https://eng.geus.dk/), and the bulk surface
sediment εNd representation in the North Atlantic from Stichel et al. (2020). An
unradiogenic bias of -25.8 in western Greenland Cenozoic units were corrected towards
a more radiogenic value of +4, consistent with the younger rock age and matching
the εNd of proximal Cenozoic rocks in eastern Greenland.

C5: The unradiogenic εNd value of -34 from north-western Greenland was extended to
include all Proterozoic domains up the coastline, sharing similar characteristics in
terms of age and lithology, these were initially assigned a more radiogenic value of
19.5 due to a discrete data point to the north situated within a younger Palaeozoic
field.

C6: In north-eastern Greenland, a radiogenic bias was corrected by changing Lower
Palaeozoic rock from -13 to -19, matching that of similar, proximal fields in the
north and northwest of Greenland.

C7: Two Archean domains surround a Proterozoic unit at the most southerly tip of
Greenland, the Archean domain to the east of the Proterozoic unit was originally
ascribed a more radiogenic value of -8.8 due to a bias from a proximal marine sample.
Here we adjusted the Archean units on the east of the southerly tip from -8.8 to -33,
matching that of a river sediment sample measured in the neighbouring Archean rock
and consistent with the εNd from the Archean rock to the west of the tip, deemed
to have similar characteristics due to lithology type and proximity.

C8: The interpolation produced a radiogenic bias to Proterozoic rock within Australia’s
Northern Territory (Kakadu National Park), here εNd was modified from -9.3 to
15.4, representing the same value as neighbouring Proterozoic rock deemed to have
similar geological characteristics.

C9: Another radiogenic interpolation bias occurred in a Proterozoic domain around
Adelaide, South Australia. Considering the εNd from neighbouring Proterozoic
domains, εNd was modified from -8 to -12.1, this was more consistent with the
εNd-continental age relationship and the underlying geology of this region.

C10: The εNd of a polygon characterised as ‘glacier’ surrounding the coast of the west
Ross Sea was modified to match the εNd signal from the ‘glacier’ surrounding the

https://eng.geus.dk/


2.6. SUPPLEMENTARY INFORMATION 63

east of the Ross Sea basin, where discontinuities in the lithology file failed to wrap
around the International Date Line. Here, εNd was modified from -20.0 to -9.6.

C11: In East Antarctica an unradiogenic bias in Proterozoic rock was corrected for,
modifying εNd from -20.2 to -8.1. This added more spatial heterogeneity into the
region which is evident within the detailed observations and varying lithologies in
this region.

S2.4.2: Seafloor εNd representation: manual adjustments to the initial εNd interpolation

SF1: In the Arctic, the large polar domain located away from the continental shelves was
assigned a value of -11.7, which is the mean of the 21 data points within (ranging
from -15.9 to -9.9), as documented in Supplementary Table 2.3. Here we assumed
that the mathematical mean of the available data best represents the εNd of this
domain with a large spatial area, containing a large number of measurements.

SF2: The shelf environment in the Arctic Ocean off northern Greenland was modified to
remove the radiogenic bias (-3.8) introduced by a data point to the southeast of
Greenland. It was corrected towards a more representative value for detrital input
from unradiogenic Lower Palaeozoic continental crust based on neighbouring marine
sedimentary εNd in the northwest of Greenland in the adjacent field, dropping the
εNd to -19.5.

SF3: Off the coast of Southeast Greenland, we modified εNd to be more unradiogenic
(-23 compared with the initial -7.9), matching nearby measurements and in closer
agreement with the Archean and Proterozoic lithology of the continental rock that
provides a likely unradiogenic source of detrital input to this ocean region.

SF4: The east Bering Sea was modified to match the εNd signal from the west Bering
Sea, where discontinuities in the gridded lithology file failed to wrap around the
International Date Line. Here, εNd was modified from -9.9 to -8.7.

SF5: In the North Atlantic, a region of fine-grained calcareous sediment, considered to
have a large area domain had a radiogenic bias of -2.3, which we adjusted to -12.3.
This was the signature of another observation within the field, which was in closer
agreement with the two other measurements that lie within the domain (εNd of -13.1
and -11.1) and the signature of the surrounding fields. The radiogenic signal of -2.3
εNd is still preserved within a neighbouring clay domain with a smaller area.

SF6: In the central North Atlantic, a region of calcareous sediment covering a large spatial
area had a radiogenic bias of +4.9. The two radiogenic measurements in this region
(εNd of +3.9 and +4.9) were spatially isolated in order to constrain the signal more
locally to the sample sites located in the Azores archipelago basin (see adjustment
L.2 in Text S2.3.3). The Azores lies on the lateral branch of the Mid-Atlantic Ridge
and associated ridge-hotspot activity gives detrital sediment a localised radiogenic
signal here (Grousset et al., 1988). We then allocated the remaining larger domain
a εNd value of -12.6, taking the mean of the remaining (18) data points from within
the domain as a more representative value (-12.6; with a range of -14.8 to -11),
documented in Supplementary Table 2.3.

SF7: Unradiogenic inputs (-17.1) of detrital material off the east coast of South America
(northeast Brazil) where Precambrian rock surrounds the coastlines, were also spatially
constrained to marginal regions, here we assume the coastal regions and associated
εNd is likely unrepresentative of distal sediment in the central South Atlantic Ocean,
restricting the extent of the extrapolation of coastal observations. Here the fine-grain
calcareous sediment domain which neighboured the coastal sand and calcareous ooze
domains containing the unradiogenic measurements was assigned an εNd of -14.1.
from -17.1. This was the value of a proximal detrital observation to the northeast of
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the domain, deemed more representative and consistent with the wider deep Atlantic
εNd distribution.

SF8: Unradiogenic (-24.9) inputs of detrital Archean material from the Angolan coast,
western Africa, was spatially constrained to coastal and marginal regions. This
is because the unradiogenic Angolan-sourced εNd is likely unrepresentative of the
sediment in the central South Atlantic Ocean, which we reassigned with εNd more
consistent with measurements in the surrounding deep ocean. Here we reassigned a
silt and clay domain adjacent to Angolan coastal fields a more radiogenic signal of
-11 from -24.9, this was consistent with detrital observations within the neighbouring
domain to the north and more consistent with deep Atlantic observations. However,
we note that the deep Atlantic Ocean is the most data sparse region in our database,
and this decision may need to be revised following further data acquisition in the
region, especially in the open South Atlantic.

SF9: A clay domain in the central-western Pacific was modified from -8.7 to 10.1. This
new value comes from a measurement within the same polygon that we deemed to
be more representative of surrounding samples, which range from -11 to -8. It is
also more consistent with the mean of north Central Pacific detrital samples ( 10.2),
which has been attributed to a terrigenous source from aeolian dust input off the
Asian continent, a major source of detrital material into the region (Nakai et al.,
1993).

SF10: In the central Pacific a radiogenic bias was corrected for, located to the west of
Hawaii. Here the interpolation has extrapolated a radiogenic detrital sample (+5.6)
taken from the Hawaiian Basin, which is a region of recent localised volcanic hotspots,
out into a domain in the open ocean. This domain was reassigned a value of -5.9,
consistent with the fields encompassing the domain and more consistent with detrital
observations taken within the open central Pacific.

SF11: In the central-equatorial Pacific a small modification was made to a domain with an
unradiogenic bias, here the interpolation assigned a value from a datapoint outside
the domain, but closer to the centre of the polygon. The domain was reassigned a
value of -7.52 from -10.3, this value was consistent within the surrounding domains
and more representative of the three observations within the domain, which ranged
-7 to -4.3. Within such a data limited region, it was considered the best approach
to remove such a numerical interpolation artifice.

SF12: In the South Pacific, off the Peruvian coast, a radiogenic bias was corrected for, this
occurred as a result of the extrapolation of a radiogenic detrital sample located on the
Peruvian margins into a domain in the open ocean. Here the domain was reassigned
a value of -3.8 from +4.4. This maintained, but constrained the radiogenic signal
observed in marginal settings. As such the open ocean domain, considered not to be
located in a region susceptible to such radiogenic detrital input, was more consistent
with surrounding fields.

SF13: A highly unradiogenic sample (-33.6) located in the Seychelles was constrained to
the archipelago, localising this unradiogenic signal to coastal areas surrounding
the granitic islands of the Seychelles Plateau, where detrital input of crust from
Precambrian origin occurs (Hammond et al., 2013), detailed in adjustment L3 Text
S2.3.3. The surrounding sediment, with a large field domain area in the Indian
Ocean, was then reassigned a value of -12.6, the value of an observation within the
remaining domain which is more consistent with the surrounding continental εNd

and the marine detrital samples within that wider domain.

SF14: Radiogenic samples (+7.3) associated with the Maldives were spatially isolated,
detailed in adjustment L4 Text S2.3.3. This preserves the detrital signal from input
from the Maldives and the surrounding basement basalts underlying the atolls, which
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formed in the Mesozoic Era (Gischler, 2006), but confines the signal to a relatively
localised area to avoid introducing a more geographically widespread radiogenic bias
through over-extrapolation into the nearby marine sediments, which are not likely
directly exposed to the radiogenic sedimentary source. The remaining domain was
reassigned an εNd value of -9.1 from a datapoint within the centre of the domain,
which is representative of the other observations here which lie away from the
Maldives basin (ranging -9.8 to -7.2).

SF15: In the Bay of Bengal, the εNd was modified from -7.4 to a more unradiogenic
signal of -13.3, consistent with the majority of samples within the domain and the
surrounding continental signatures that are relevant here due to the large fluvial
sediment load from the Ganges-Brahmaputra Delta. The εNd value assigned was
the mean calculated from 22 samples within the polygon, ranging from -18.2 to -7.1,
documented in Supplementary Table 2.3. This was done to take advantage of the
wealth of observations in this region.

SF16: In the eastern Indian Ocean, an unradiogenic bias was corrected for, modifying
εNd from -20.3 to -11.9. The bias was introduced by the numerical interpolation
of unradiogenic measurements taken close to the coast in Western Australia, these
observations capture the transport of weathered material from the coastal areas
of northwest and west Australia, characterised by the presence of Proterozoic and
Archean units, by the southward flowing Leeuwin Current, the dominant poleward
flowing near-coastal current in this region (Ehlert et al., 2011). This constrained
coastal signal does not accurately represent more distal marine sediment and its
associated εNd. The newly assigned εNd is consistent with the signature of proximal
marine observations in the eastern Indian Ocean away from the margins.

SF17: In the Indian Ocean sector of the Southern Ocean a diatom ooze polygon had a
radiogenic bias of -2.7, this was adjusted to the value of an observational point to the
south of the polygon which was more consistent with the surrounding observations
and the unradiogenic features of Antarctica’s proximal coastline. The value was
adjusted from -2.7 to -12.8.

SF18: A coastal domain within the Ross Sea (bordering West Antarctica) was modified to
match the signal from the western Ross Sea, where discontinuities in the gridded
lithology file failed to wrap around the international date line. Here, εNd was
modified from -10.9 to -7.3.

SF19: Around West Antarctica, radiogenic values of +0.31 were constrained to the Wrigley
Gulf. Here, we assumed that the radiogenic input of detrital material from Cenozoic
intrusions are spatially constrained to the coastlines and should not influence the
wider region. The adjacent and deeper sea settings off the Wrigley Gulf were
reassigned to a more unradiogenic εNd value of -4.6 which is consistent with observations
and neighbouring fields away from coastal margins.
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Table 2.1: Summary of manual adjustments to the high resolution seafloor lithology
gridded map from Dutkiewicz et al. (2015) used to create the spatially continuous seafloor
εNd map (see Text S2.3.2), including descriptor of polygon location (‘Region’), brief
justification for the adjustment (‘Reason for modification’), geographical coordinates of
the centre of the new polygon (‘New polygon centre coordinate’) and the colour of polygon
outlined in Fig. 2.8 (‘Colour of polygon in Fig. 2.8’).

Adjustment
reference

Region Reason for
modification

New polygon
centre
coordinate

Colour of
polygon in
Fig. 2.8

L1 Arctic Extend map to
polar regions and
represent spatial
heterogeneity

0◦ E, 90◦ N Blue shades

L2 Azores Spatially confine
volcanic basalts

−27.6◦ E, 38.5◦ N Green

L3 Maldives Spatially confine
basement basalts

60.2◦ E, −10.2◦ N Orange

L4 Seychelles Spatially confine
granitic islands

53.8◦ E, −4.7◦ N Red

L5 Antarctica Extend map to polar
regions

−40◦ E, −80◦ N Purple

Table 2.2: Summary of expert adjustments to the εNd of individual polygons comprising
the spatially continuous continental εNd map (see Text S2.4.1), including descriptor
of polygon location (‘Region’) and lithology (‘Lithology’), brief justification for the
adjustment (‘Reason for modification’), geographical coordinates of the centre of the
polygon (‘Polygon centre coordinate’) and the raw and refined εNd (‘Previous value’ and
‘Adjusted value’, respectively).

Adjustment
reference

Region Lithology Reason for
modification

Polygon
centre
coordinate

Previous
value
(εNd)

Adjusted
value
(εNd)

C1 Hudson
Bay (east)

Proterozoic Radiogenic bias −65.32◦ E,
52.14◦ N

-5.3 -27.7

C2 Hudson
Bay (south)

Archean Radiogenic bias −72.55◦ E,
56.7◦ N

-5.3 -23.1

C3 Hudson
Bay (south)

Lower
Palaeozoic

Radiogenic bias −88.41◦ E,
55.3◦ N

-13.3 -28.9

C4 western
Greenland

Cenozoic Unradiogenic
bias

−54.73◦ E,
71.52◦ N

-25.8 +4

C5 north-western
Greenland

Proterozoic Radiogenic bias −58.84◦ E,
75.87◦ N

-34 -19.5

C6 north-eastern
Greenland

Lower
Palaeozoic

Radiogenic bias −32.80◦ E,
64.01◦ N

-13 -19

C7 south
Greenland

Archean Radiogenic bias −49.18◦ E,
62.24◦ N

-8.8 -33

C8 Australia’s
Northern
Territory

Proterozoic Radiogenic bias 124.25◦ E,
−22.24◦ N

-9.3 -15.4

C9 South
Australia

Proterozoic Radiogenic bias 133.97◦ E,
−31.31◦ N

-8 -21.1

C10 Ross Sea Glacier Discontinuity
across the
International
Date Line

156.7◦ E,
−84.3◦ N

-20 -9.6

C11 East
Antarctica

Proterozoic Unradiogenic
bias

35.95◦ E,
−70.18◦ N

-20.1 -8.1
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Table 2.3: Summary of expert adjustments to the εNd of individual polygons comprising the spatially continuous seafloor εNd map (see Text S2.4.2),
including descriptor of polygon location (‘Region’) and lithology (‘Lithology’), brief justification for the adjustment (‘Reason for modification’), where
relevant the εNd of the samples within the polygon, the mathematical mean and standard deviation taken (‘εNd of samples’, ‘mean εNd’, and ‘SD’
respectively), relevant geographical coordinates of the centre of the polygon (‘Polygon centre coordinate’) and the raw and refined εNd (‘Previous value’
and ‘Adjusted value’, respectively).

Adjustment
reference

Region Lithology Reason for
modification

εNd of
samples

Mean εNd SD (εNd) Polygon
centre
coordinate

Previous
value
(εNd)

Adjusted
value
(εNd)

SF1 Arctic Ocean
(away from
continental
shelves)

No data Average of
21 samples
within the
field

-15.9, -14.,
-13.3, -13.3,
-12.5, -12.2,
-11.9, -11.4,
-11., -11.,
-11., -10.9,
-10.9, -10.6,
-10.6, -10.4,
-10.2, -10.,
-9.9, -9.7

-12 1.62 0◦ E, 85◦ N -9.7 -12

SF2 Arctic Ocean
(north of
Greenland)

No data Radiogenic
bias

N/A N/A N/A −37.7◦ E,
84.22◦ N

-3.8 -20

SF3 off the coast
of Southeast
Greenland

Gravel and
coarser

Radiogenic
bias

N/A N/A N/A −37.23◦ E,
64.35◦ N

-7.9 -23

SF4 Bering Sea Sand Discontinuity
across the
International
Date Line

N/A N/A N/A 157.39◦ E,
45◦ N

-9.9 -8.7
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SF5 North Atlantic Fine-grained
calcareous
sediment

Radiogenic
bias

N/A N/A N/A −19.9◦ E,
40.3◦ N

-2.3 -12

SF6 central North
Atlantic

Calcareous
ooze

Isolated two
radiogenic
points, took
average
of the
remaining
18 samples
within the
field

-14.84,
-14.6,
-14.5, -13.6,
-13.55. -13.,
-12.9, -12.6,
-12.47,
-12.2, -11.8,
-11.6, -11.5,
-11.4, -11.,
-10.88,
-10.2

-13 1.4 −32.7◦ E,
36.5◦ N

4.9 -13

SF7 off the east
coast of South
America

Calcareous
ooze

Constrained
unradiogenic
signal to
coastal
regions

N/A N/A N/A −34.26◦ E,
9.02◦ N

-17.1 -14.1

SF8 off the coast of
western Africa

Clay Constrained
unradiogenic
signal to
coastal
regions

N/A N/A N/A −17.7◦ E,
−46.2◦ N

-24.89 -11
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SF9 central-western
Pacific

Clay Unradiogenic
bias,
changed to
be consistent
with Pacific
detrital
evidence
from
predominant
Asian dust
source

N/A N/A N/A 151.9◦ E,
35.2◦ N

-8.69 -10.2

SF10 Central Pacific Calcareous
ooze

Radiogenic
bias, due to
extrapolation
of detrital
point within
Hawaiian
Basin into
unrepresentative
open ocean
region

N/A N/A N/A −170.6◦ E,
20◦ N

+5.6 -5.9

SF11 central-equatorial
Pacific

Calcareous
ooze

Unradiogenic
bias

N/A N/A N/A −145.1◦ E,
−3.4◦ N

-10.3 -7.52

SF12 South Pacific Calcareous
ooze

Constrained
radiogenic
signal to
margins

N/A N/A N/A −93.1◦ E,
−13.8◦ N

+4.4 -3.8

SF13 Seychelles Clay Constrained
unradiogenic
signal

N/A N/A N/A 50.47◦ E,
−4.75◦ N

-33.6 -12.6
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SF14 Maldives Calcareous
ooze

Constrained
radiogenic
signal

N/A N/A N/A 64.67◦ E,
−11.05◦ N

+7.3 -9.1

SF15 Bay of Bengal Clay Average of
22 samples
within the
field

-18.2, -16.7,
-16.2, -16.1,
-15.5, -15.3,
-15.1, -14.7,
-14.5, -14.3,
-12.8, -12.6,
-12.5, -12.5,
-11.5, -11.3,
-10. -9.2,
-9., -8.6,
-7.1

-13 3.07 87.17◦ E,
16.87◦ N

-7.4 -13

SF16 eastern Indian
Ocean

Calcareous
ooze

Unradiogenic
bias

N/A N/A N/A 107.4◦ E,
−43.9◦ N

-20.3 -12

SF17 Southern Ocean
(Indian Ocean
sector)

Diatom
ooze

Radiogenic
bias

N/A N/A N/A 87.9◦ E,
−55.3◦ N

-2.7 -12.8

SF18 Ross Sea
(boarding West
Antarctica)

No data Discontinuity
across the
International
Date Line

N/A N/A N/A −171.4◦ E,
−79.1◦ N

-10.9 -7.3

SF19 Wrigley Gulf,
Antarctica

Gravel and
coarser

Constrained
radiogenic
signal to
coastal
regions

N/A N/A N/A −141◦ E,
−72.1◦ N

+0.31 -4.6
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Figure 2.7: Location and εNd of the new discrete marine Southern Ocean εNd data,
contributed by co-authors, for the < 63 µm fraction of Holocene detrital fraction samples
from East Antarctica. Methods for the data collection and relevant information are
detailed in Text S2.1 and Table S2 respectively.
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Figure 2.8: Location of manual adjustments (detailing extensions and isolated lithological
regions) to the high resolution gridded lithology file from Dutkiewicz et al. (2015).
Showing the extension of the map in the Arctic regions (blue shades) (with subsequent
addition of spatial heterogeneity near coastal margins, Arctic [Greenland margin] (blue),
Arctic [European margin] (turquoise) and Arctic [Eurasian margin] (light blue)), isolated
lithological regions, Azores basin (green), Maldives basin (orange), Seychelles basin (red),
and extension of the map in Antarctica (purple). Full details of the manual adjustments
(L1-5) are documented in Text S2.3.3 and summarised in Supplementary Table 2.1. Inset
map highlights the Seychelles and Maldives basins with small polygon areas.
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Figure 2.9: Comparison of the spatially continuous continental εNd produced by (a) the
initial ‘raw’ numerical nearest neighbour interpolation and (b) expert refinement of (a)
as described in Text S2.4 and summarised in Supplementary Table 2.2, the location and
εNd of the discrete data are indicated, along with the broad sample type in (a) and (b):
river sediment (triangles), Holocene marine sediment (circles), and geological outcrops
(squares). (c) The changes to εNd made through expert refinement (b minus a). Note
refinement was centred in Greenland, the Hudson Bay, Australia, and East Antarctica; no
data regions are coloured dark grey (land) and light grey (ocean).
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Figure 2.10: Comparison of the spatially continuous seafloor εNd produced by (a) the
initial ‘raw’ numerical nearest neighbour interpolation and (b) expert refinement of (a) as
described in Text S2.4 and summarised in Supplementary Table 2.3, the location and εNd

of the discrete data are indicated, along with the broad sample types of marine detrital
data in (a) and (b): bulk sediment digests (triangles), decarbonated sediment residuals
(circles), specific detrital size fractions (squares), and pore water measurements (crosses).
(c) The changes to εNd made through expert refinement (b minus a); no data regions are
coloured dark grey (land).
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Figure 2.11: Comparison of the complete εNd of the continents and proximal margins under
three definitions of continental margin extent, all using sediment thickness to constrain
the outer limits of the extrapolation: where sediment thickness is (a) ≥ 2, 000 m, (b)
≥ 1, 000 m and (c) ≥ 500 m. The location and εNd of the discrete data are indicated,
along with the broad sample type: river sediment (triangles), Holocene marine sediment
(circles), and geological outcrops (squares). Various sediment thickness definitions were
tested to find the most suitable limits of the extrapolation- that is, how far out to sea we
can reasonably assume that the continental εNd remains representative of the proximal
marine sediments as discussed in methods Sect. 2.2.3.3.
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Figure 2.12: Comparison of the original (Jeandel et al., 2007) and new (this study) εNd

observations and continental margin representation. (a) Overview of the location of the
samples assembled for the continental margin εNd map by Jeandel et al. (2007) (blue
circles) and the additional observations used for the continental representation in this study
(orange circles). εNd of discrete measurements and the continuous continental margin
interpolation produced (b) by Jeandel et al. (2007); and (c) for this study, which uses
both blue and orange data from panel (a). The broad sample types included in both
compilations are indicated: river sediment (triangles), Holocene marine sediments (circles),
geological outcrops (squares) and aerosols (crosses). Note that particular samples from
Jeandel et al. (2007) were not used in this study, such as aerosol samples, alongside
sites located out of range of our 3◦ coastline buffer, because these samples were deemed
unrepresentative for our filtering criteria as outlined in the methods Sect. 2.2.2.1 and
detailed in Text S2.2.
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Figure 2.13: Regional analysis of the seafloor and the final combined sediment-ocean
interface εNd representation (continental εNd map extrapolated to where sediment
thickness ≥ 1, 000 m and remaining regions characterised by the seafloor εNd map), with
particular focus on regions important for deep-water formation and thus potential εNd

labelling of water masses by sedimentary inputs: the polar Arctic region, Antarctica, and
the North Atlantic. (a-c) show the seafloor interpolation. (d-f) show the combined seafloor
and continental margin interpolation. The continuous interpolations are overlain by the
discrete εNd measurements, the five broad sample types included in the new compilation
are also indicated: river sediment (triangles), geological outcrops (squares) and Holocene
marine sediments which are categorised into: bulk sediment digests (circles), decarbonated
sediment residuals (pentagons), and specific detrital size fractions (diamonds).
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Chapter 3

Simulating neodymium isotopes in
the ocean component of the
FAMOUS general circulation
model (XPDAA): sensitivities to
reversible scavenging efficiency
and benthic source distributions

Abstract

The neodymium (Nd) isotopic composition of seawater is a widely used ocean circulation
tracer. However, uncertainty in quantifying the global ocean Nd budget, particularly
constraining elusive non-conservative processes, remains a major challenge. A substantial
increase in modern seawater Nd measurements from the GEOTRACES programme coupled
with recent hypotheses that a seafloor-wide benthic Nd flux to the ocean may govern global
Nd isotope distributions (εNd) presents an opportunity to develop a new scheme specifically
designed to test these paradigms. Here, we present the implementation of Nd isotopes
(143Nd and 144Nd) into the ocean component of the FAMOUS coupled atmosphere-ocean
general circulation model, a tool which can be widely used for simulating complex feedbacks
between different Earth system processes on decadal to multi-millennial timescales.

Using an equilibrium pre-industrial simulation tuned to represent the largescale Atlantic
Ocean circulation with appropriate skill, we perform a series of sensitivity tests evaluating
the new Nd isotope scheme. We investigate how Nd source/sink and cycling parameters
govern global marine εNd distributions, and provide an updated compilation of 6,048
Nd concentration and 3,278 εNd measurements to assess model performance. Our findings
support the notions that reversible scavenging is a key process for enhancing the Atlantic-Pacific
basinal εNd gradient, and is capable of driving the observed increase in Nd concentration
along the global circulation pathway. A benthic flux represents a major source of Nd to
the deep ocean. However, model-data disparities in the North Pacific highlight that the
source of εNd from seafloor sediment is too unradiogenic in our model with a constant
benthic flux. Additionally, model-data mismatch in the northern North Atlantic suggests
a missing source of Nd that is much more unradiogenic than the bulk sediment, alluding
to the possibility of preferential contributions from ‘reactive’ detrital sediments under a
benthic flux driven model of marine Nd cycling

The new Nd isotope scheme forms an excellent tool for exploring global marine Nd
cycling and the interplay between climatic and oceanographic conditions under both

79
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modern and palaeoceanographic contexts.

3.1 Introduction

The Neodymium (Nd) isotope composition of seawater shows a clear provinciality between
different ocean basins and is often used as a water mass provenance tracer (e.g., Frank
2002; Goldstein and Hemming 2003). The measured 143Nd/144Nd ratio is denoted relative
to the bulk earth standard:

εNd =

(
(143Nd/144Nd)sample

(143Nd/144Nd)CHUR
− 1

)
× 104, (3.1)

where (143Nd/144Nd)CHUR relates to the Chondritic Uniform Reservoir (CHUR;
0.512638: Jacobsen and Wasserburg 1980). Distinct variations in the Nd isotope signal of
water masses originate from different continental regions and their isotopic fingerprints,
and subsequent influence by ocean circulation, water mass mixing and particle cycling, as
well as interaction with sediments (e.g. Tachikawa et al. 2017; van de Flierdt et al. 2016 for
recent reviews). Neodymium in the deep ocean has a residence time that is shorter than
the global overturning of the deep ocean (Arsouze et al., 2009; Rempfer et al., 2011; Gu
et al., 2019; Pöppelmeier et al., 2020a, 2021b; Tachikawa et al., 2003). Unlike other tracers
of ocean circulation (e.g. δ13C, ∆14C), the measured Nd isotope composition of seawater is
not actively involved marine biological cycling, giving rise to its promise as a carbon cycle
independent ocean circulation tracer (Blaser et al., 2019b). Yet, a fundamental caveat in
the application of εNd as a reliable oceanographic tracer is that a universal understanding
of the exact mechanisms controlling marine geochemical Nd cycling remains incomplete
(Abbott et al., 2015a; Haley et al., 2017; van de Flierdt et al., 2016).

Numerical models are useful tools for investigating Nd cycling since they can specify
the processes that govern the spatiotemporal variability in Nd isotope distributions in
the ocean. Neodymium isotopes have been simulated in a range of different modelling
studies testing specific hypotheses relating to Nd fluxes and thermohaline redistribution
(Pöppelmeier et al., 2020a; Arsouze et al., 2009; Rempfer et al., 2011; Siddall et al.,
2008b; Jones et al., 2008; Roberts et al., 2010; Tachikawa et al., 2003; Ayache et al.,
2016; Gu et al., 2019; Oka et al., 2021, 2009; Pöppelmeier et al., 2022; Ayache et al.,
2022; Pasquier et al., 2021; Du et al., 2020). However, recent work suggests that a
seafloor wide benthic flux, resulting from early diagenetic reactions, may dominate the
marine Nd cycle (Haley et al., 2017; Abbott, 2019; Abbott et al., 2015a,b, 2019; Du
et al., 2016). These observations, alongside an ever-growing body of high-quality and
highly-resolved measurements of dissolved seawater Nd concentrations ([Nd]) and εNd

from the GEOTRACES programme (GEOTRACES Intermediate Data Product Group,
2021), present an opportunity to re-evaluate, revise and explore constraints on the marine
Nd cycle.

Initially, the predominant lithogenic fluxes of Nd to the ocean were believed to be
only at the surface (aeolian dust and riverine fluxes; Goldstein et al. 1984; Goldstein and
Jacobsen 1987). Early modelling studies applying surface fluxes reproduced reasonable εNd

in the North Atlantic (Bertram and Elderfield, 1993; Tachikawa et al., 1999). However,
considering only dust and river fluxes alone led to an unrealistic calculated residence time
of Nd in seawater on the order of 5,000 years (Bertram and Elderfield, 1993; Jeandel et al.,
1995). Through applying a simple box model to calculate the oceanic Nd budget, it was
then found that considering dust and river surface inputs alone failed to balance both
[Nd] and εNd, thus indicating a ‘missing source’ of Nd to the ocean that accounted for
≈ 90% of the Nd flux to the ocean (Tachikawa et al., 2003). This led to a new hypothesis
relating to other Nd sources to seawater that could account for this ‘missing source’,
including submarine groundwater discharge (SGD) (Johannesson and Burdige, 2007), and
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input from the dissolution of sediment deposited on the continental margins (Lacan and
Jeandel, 2005a). The term ‘boundary exchange’ was coined to describe strong Nd isotopic
interactions between continental margins and water masses though the co-occurrence of
sediment dissolution and boundary scavenging (Lacan and Jeandel, 2005a). Arsouze
et al. (2007) simulated realistic global εNd distributions using boundary exchange as the
only source-sink term, and since then, boundary exchange along continental margins has
represented the major flux of Nd to seawater in recent global Nd isotope models (Arsouze
et al., 2009; Rempfer et al., 2011; Gu et al., 2019).

Nonetheless, boundary exchange alone cannot fully reconcile the global marine Nd
cycle. Specifically, it cannot explain the observed vertical profiles of [Nd], which are
decoupled from εNd (i.e., the ‘Nd paradox’: Goldstein and Hemming 2003), with low
concentrations near the surface increasing with depth. This is a common characteristic of
isotopes/elements (e.g. thorium) that are reversibly scavenged (i.e., where the element is
scavenged onto sinking particles at the surface and is subsequently remineralised in the
deep ocean) (Bertram and Elderfield, 1993; Bacon and Anderson, 1982). Siddall et al.
(2008b) first addressed numerically a hypothesis that the ‘Nd paradox’ can be explained
by a combination of lateral advection and reversible scavenging by applying the reversible
scavenging model pioneered by Bacon and Anderson (1982) to Nd cycling. In their study,
both [Nd] and εNd were modelled simultaneously and explicitly to explore internal cycling
of Nd in the ocean. Their findings demonstrated that scavenging and remineralisation
processes are important active components in the marine cycling of Nd, driving the increase
of [Nd] with depth, but still allowing εNd to act as an effective water mass tracer.

Although inclusion of reversible scavenging can explain aspects of marine Nd cycling,
the use of over-simplified fixed surface [Nd] and εNd boundary conditions in the model
by Siddall et al. (2008b) limited what could be determined about the full marine cycling
of Nd and hence the ‘Nd paradox’. The most comprehensive Nd isotope enabled ocean
models to date now explicitly represent and quantify a wider range of distinct Nd fluxes
that are both external and internal to the marine realm. For example, Arsouze et al.
(2009) used a fully prognostic coupled dynamic and biogeochemical model to simulate
[Nd] and εNd, considering dust fluxes, dissolved riverine sources, boundary exchange and
reversible scavenging. In their study, a boundary source from the continental margins
represented the major source of Nd to seawater (≈ 95% of the total source). Rempfer et al.
(2011) continued this work, undertaking a more detailed and comprehensive investigation
of Nd sources and particle scavenging using a coarse resolution intermediate complexity
model (Bern3D ocean model) and extensive sensitivity experiments. This later scheme
was then closely followed by Gu et al. (2019) for the implementation of Nd isotopes in
the ocean component of a more comprehensive Earth System Model (ESM, specifically
the Community Earth System Model: CESM1.3) to explore in detail the changes to
end-member εNd signatures in response to ocean circulation and climate changes. Overall,
these comprehensive models, capable of quantifying the major sources implicated in marine
Nd cycling indicated that dust and river fluxes were important for representing [Nd] and
εNd distributions in the surface, but that the main flux of Nd to seawater is via a boundary
source operating along the continental margins.

Recent pore fluid concentration profiles measured on the Oregon margin in the Pacific
Ocean indicate that there may be a benthic flux of Nd from sedimentary pore fluids,
presenting a new, potentially major seafloor-wide source of Nd to seawater (Abbott et al.,
2015b,a). Additional measurements from the Tasman Sea suggest the likely presence of
a benthic source of similar magnitude to that inferred for the North Pacific, which may
indicate that regions with dominantly calcareous sediment also contribute a significant
benthic source of Nd (Abbott et al., 2019). Evidence of this previously overlooked abyssal
benthic sedimentary source of Nd has led to a shifting paradigm that challenges the current
‘top down’ model of marine Nd cycling to one of a ‘bottom up’ model (Haley et al., 2017).
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The bottom up model contends that the dominant addition of Nd to the ocean is from a
diffuse sedimentary source at depth, rather than surface point sources from rivers and dust
and the shallow continental margins (‘top down’). The benthic flux hypothesis provides a
compelling yet unproved mechanism to explain deep water εNd alteration alongside vertical
[Nd] gradients in the North Pacific in the absence of modern deep-water formation, via
exposure of old bottom water to a substantial benthic flux (Abbott et al., 2015a; Du et al.,
2016).

Simple box models have been employed to investigate, to a first order, the non-conservative
effects from a benthic flux (Du et al., 2016, 2018, 2020; Haley et al., 2017; Pöppelmeier
et al., 2020b), suggesting overprinting of deep water mass εNd is linked to benthic flux
exposure time and the difference between the Nd isotope composition of the benthic
flux and the bottom water (Abbott et al., 2015a; Du et al., 2018). However, these
models lack comprehensive descriptions of both the marine Nd cycle and of physical
ocean circulation and climate interactions, limiting a clear interpretation of precisely
how (and under what physical/environmental conditions) the benthic flux may determine
global marine Nd distributions. Applying an intermediate complexity model, Pöppelmeier
et al. (2021a) investigated the benthic flux hypothesis in more detail by updating the Nd
isotope enabled Bern3D model (Rempfer et al., 2011) to represent recent observations
that indicate a Nd flux from bottom waters could occur across the entire seafloor. This
was done by removing the depth limitation of the boundary exchange (previously 3 km)
and invoking a constant benthic flux that escapes from all sediment-water interfaces. The
scheme was further extended by revising key source-sink parameterisations, for subsequent
investigation of non-conservative Nd isotope behaviour under different ocean circulation
states (Pöppelmeier et al., 2022). The authors demonstrate substantial non-conservative
effects occur even under strong circulation regimes with low benthic flux exposure times,
and are not strictly limited to the deep ocean. This work highlights the importance of
downward vertical fluxes via reversible scavenging alongside the benthic flux to describe
non-conservative marine Nd isotope behaviour. Nonetheless, the low horizontal resolution
of the intermediate complexity model limits full resolution of key circulation patterns
such as distinct deep-water formation in the Labrador and in the Nordic Seas, inhibiting
the capabilities of the scheme to fully capture and explore water mass end member εNd

distributions.

Thus, despite substantial progress to explicitly describe seawater Nd budgets, it
is apparent that outstanding questions remain, alongside divergent lines of argument
amongst subject specialists, limiting a full, quantitative description of marine Nd cycling.
The decoupled nature of marine [Nd] and εNd, which is yet to be fully understood, and
new emerging observations (e.g., Stichel et al. 2020) emphasise the critical need to progress
our understanding of modern marine Nd cycling, in the light of continued use of εNd as
a valuable tracer of ocean circulation. In this context, Nd isotope enabled ocean models
remain an effective way to progress with testing and constraining processes governing
marine Nd cycling, which can then feedback key information to the wider GEOTRACES
and ocean-tracer modelling community.

With this is mind, there is a current gap in the toolkit for modelling marine Nd cycling
between the class of high complexity, state-of-the-art ESMs (e.g., Gu et al. 2019) and the
more efficient intermediate complexity models (e.g., Rempfer et al. 2011; Pöppelmeier
et al. 2020a). To bridge this gap, there is a need for a model with the full complexity of an
Atmosphere-Ocean General Circulation Model (AOGCM), allowing the exploration of how
Nd isotopes vary under changing climate conditions (including extensive palaeoceanographic
applications), that is also capable of running very quickly to facilitate efficient parameter
space exploration, performance optimisation and long integrations. The FAMOUS GCM
fills this gap (Smith et al., 2008; Jones et al., 2005; Smith, 2012; Jones et al., 2008).

Here we present the new global marine Nd isotope scheme implemented in FAMOUS.
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We utilise the new sediment εNd maps from Robinson et al. (2021) as boundary conditions
for a mobile global sediment Nd flux, with the end-goal of further constraining the major
sources, sinks and cycling of Nd isotopes, and exploring instances of non-conservative
behaviour related to changes in Nd source distributions and scavenging processes. We
develop sensitivity experiments (Sect. 3.3) to isolate the physical effects of varying two key
parameters that detail major Nd fluxes and cycling to the global ocean, verifying foremost
that the new isotope scheme is responding to Nd source/sink and biogeochemical processes
as expected, and contextualising how, and where, reversible scavenging processes and the
benthic flux can govern marine [Nd] and εNd distributions. Finally (Sect. 3.3 and 3.4),
we evaluate overall model performance through comparison with modern measurements
and assess the model’s ability to simulate observed spatial and vertical gradients between
ocean basins, encompassing underling structural uncertainty/model bias.

3.2 Methods

3.2.1 Model description

We use the FAMOUS GCM (Smith et al., 2008; Jones et al., 2005; Smith, 2012; Jones
et al., 2008), a fast coupled AOGCM, derived from the Met Office’s Hadley Centre Coupled
Model V3 (HadCM3) AOGCM (Gordon et al., 2000). The atmospheric component of
FAMOUS is based on quasi-hydrostatic primitive equations and has a horizontal resolution
of 5◦ latitude by 7.5◦ longitude, 11 vertical levels on a hybrid sigma-pressure coordinate
system and a 1-hour timestep. The ocean component is a rigid-lid model, with a horizontal
resolution of 2.5◦ latitude by 3.75◦ longitude and 20 vertical levels, spaced unequally in
thickness from 10 m at the near-surface ocean to over 600 m at depth, and a 12-hour
timestep. The ocean and atmosphere are coupled once per day.

FAMOUS’s parameterisations of physical and dynamical processes are almost identical
to those of HadCM3, but it has approximately half the spatial resolution and a longer
timestep, allowing it to run ten times faster. Thus, FAMOUS achieves a current speed of
up to 650 model years per wall clock day on 16 processors, making it ideal for running
large ensembles (Gregoire et al., 2011, 2016), more bespoke sensitivity studies (Smith and
Gregory, 2009; Gregoire et al., 2015), and multi-millennial simulations, e.g. to examine
ice sheet behaviours (Gregoire et al., 2012, 2016, 2015), ocean drifts (Dentith et al., 2019)
and biogeochemistry (Dentith et al., 2020).

We added Nd isotopes (143Nd and 144Nd) as optional passive tracers into the ocean
component of FAMOUS, using a version of the model with the Met Office Surface Exchange
Scheme (MOSES) version 1 (Cox et al. 1999: FAMOUS-MOSES1). It was a pragmatic
choice to avoid the more recent FAMOUS-MOSES2.2 configuration (Essery et al., 2003;
Valdes et al., 2017; Williams et al., 2013; Essery et al., 2001), because evaluation of our new
Nd scheme would be hindered by the collapsed Atlantic Ocean convection and strong deep
Pacific MOC produced by FAMOUS-MOSES2.2 under pre-industrial boundary conditions
(see Dentith et al. 2019). Nonetheless, the Nd isotope code implementation presented here
is directly transferable to other versions of the UK Met Office Unified Model (UM) version
4.5, including HadCM3/L or FAMOUS-MOSES2.2.

3.2.2 A new reference simulation for this study

The use of Nd isotopes as a water provenance tracer comes from measurements of distinct
εNd signatures in different water masses. This is perhaps best demonstrated in the south
Atlantic ‘zig-zag’ depth profiles, where εNd displays large heterogeneity and distinguishes
southward flowing North Atlantic Deep Water (NADW) from northward flowing Antarctic
Intermediate Water (AAIW) and Antarctic Bottom Water (AABW) (Goldstein and Hemming,
2003; Jeandel, 1993). As such, it is desirable to implement the Nd isotope scheme in a
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version of FAMOUS that more suitably positions these basinal water masses in the correct
locations.

The standard pre-industrial FAMOUS setup (XFHCC; Smith 2012) has certain known
limitations, including over-ventilated abyssal Atlantic waters characterised by strong,
over-deep NADW formation, with ‘North Atlantic’ convection occurring only in the
Norwegian-Greenland Sea (there is no deep water formation in the Labrador Sea), and
insufficient Atlantic sector AABW formation (Dentith et al., 2019; Smith, 2012). This
known physical bias would dominate simulated Nd distributions, thus hampering validation
of the new Nd isotope scheme against modern measurements. To mitigate this, we chose
to employ a new reference simulation with more appropriate basin-scale physical ocean
circulation. This simulation was obtained from a perturbed parameter ensemble varying
13 physical tuning parameters (see Supplementary Sect. 3.5: Text S3.1 and Table 3.6 for
brief description and for a list of perturbed parameters from this multi-sweep ensemble
of FAMOUS MOSES1: Smith 1990, 1993; Crossley and Roberts 1995). We screened the
resulting 549 simulations based on a set of pre-defined targets, with a particular focus on
Atlantic Ocean structure and water mass composition. Specifically, we sought a simulation
with appropriate modern AMOC strength (14-19 Sverdrup, Sv; where 1 Sv = 106m3 s−1)
(Frajka-Williams et al., 2019), AMOC structure (Talley et al., 2011), regions of AMOC
convection as indicated by mixed layer depth (specifically in both the Labrador Sea and
the Nordic Seas as these represent key regions for NADW formation and the resultant end
member Nd isotope compositions; Lambelet et al. 2016), depth of maximum overturning
(≈ 1, 000 m), and presence of AABW in the abyssal Atlantic (Frajka-Williams et al., 2019;
Talley et al., 2011; Kuhlbrodt et al., 2007; Ferreira et al., 2018). Furthermore, we assessed
the capabilities of the simulation to represent appropriate water mass structure in the
Pacific (Talley et al., 2011). Through this approach, we identified four possible candidate
simulations from the large ensemble as the basis for the new Nd isotope scheme: XPDAA,
XPDAB, XPDAC and XPDEA, here denoted by their unique five-letter Met Office UM
identifier. See Supplementary Sect. 3.5: Table 3.7 for initial boundary conditions, and
Figures 3.18-3.21 for Atlantic meridional stream function and mixed layer depth for the
four experiments.

These simulations were integrated for a further 5,000 years to ensure adequate spin-up
of the physical circulation. They were then assessed for their ability to simulate global
modern observations of salinity and temperature (compared to the NOAA World Ocean
Atlas salinity and temperature database; Locarnini et al. 2018; Zweng et al. 2019) as an
objective and quantitative basis for selecting the parameter configuration to be our control
(Fig. 3.1).
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Figure 3.1: Taylor diagrams summarising the performance of the four control-candidate
simulations (XPDAA, XPDAB, XPDAC, XPDEA) in terms of their correlation, centred
root mean square error, and ratio of their variances to the NOAA World Ocean Atlas
(a) salinity and (b) temperature databases (Locarnini et al., 2018; Zweng et al., 2019).
The simulations were selected from a large FAMOUS pre-industrial perturbed parameter
ensemble following the circulation performance screening described in Sect. 3.2.2. XPCQX
represents the initial experiment, upon which the four control-candidates aim to improve.

From this analysis, XPDAA returned the lowest root mean square error (Fig. 3.1) for
simulating both salinity and temperature and so was used as our control simulation (Fig.
3.2).

Figure 3.2: (a) Salinity and (b) temperature profiles for the control simulation (centennial
mean from final 100 years of a 5,000-year simulation) along a transect crossing the
Pacific-Southern-Atlantic Ocean.

The simulated steady state AMOC strength in FAMOUS under fixed pre-industrial



86 CHAPTER 3. SIMULATING ND ISOTOPES IN FAMOUS

boundary conditions is approximately 17 Sv (Fig. 3.3a), which we consider to be in
agreement with direct modern AMOC observations from the RAPID AMOC array at
26.5◦ N of 17.2 Sv from April 2004-October 2012, and the depth of maximum meridional
stream function at 26.5◦ N is around 800 m (Fig. 3.3b), slightly shallower than RAPID
observations of 900-1,100 m (McCarthy et al., 2015; Sinha et al., 2018). In terms of the
Atlantic circulation structure, the overturning cell of NADW descends to depths of 3,000 m
as it bridges into the South Atlantic, and AABW fills the bottom of the Atlantic basin with
southern-sourced waters up to 20◦ N. For the Nd isotope implementation, all sensitivity
studies and model tuning described subsequently are based upon this simulation, XPDAA.

Figure 3.3: Atlantic Meridional streamfunction for a 5,000-year simulation using
control (XPDAA), showing (a) the maximum in time series (red dashed line indicates
RAPID-AMOC 2004-2012 averaged AMOC strength at 26.5◦ N of 17.2 Sv; McCarthy
et al. 2015), and (b) the zonal integration calculated from the last one hundred years.

3.2.3 Neodymium isotope implementation in FAMOUS

In our simulated Nd isotope scheme, we represent three different global sources of Nd into
seawater: aeolian dust flux, dissolved riverine input and dissolution of seafloor sediment.
Neodymium (Nd) here refers to the sum of 143Nd and 144Nd, and the isotopic ratio (IR)
relates to the ratio of 143Nd to 144Nd, as shown:

Nd = 143Nd + 144Nd (3.2)

IR =
143Nd
144Nd

(3.3)

By rearranging Eq. (3.2) and using the isotopic ratio (IR: Eq. (3.3)), individual fluxes
of each isotope can be calculated (Eq. (3.4) and Eq. (3.5)) using information about Nd
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fluxes from each specific source and their associated IR distributions:

143Nd =
Nd

(1 + (1/IR))
(3.4)

144Nd =
Nd

(IR + 1)
(3.5)

Neodymium isotopes are thus simulated and transported individually and independently
as two separate tracers in our scheme, explicitly resolving the concentration and distribution
of each Nd isotope, allowing for [Nd] and εNd to be calculated offline from the model
output. It should be noted that of the Nd isotopes, 143Nd and 144Nd together only
account for 36% of total Nd. As such, obtaining absolute fluxes of 143Nd and 144Nd
from total Nd fluxes requires a scaling of 0.36, and correspondingly, to compare the total
simulated Nd from Eq. (3.2) with observed total Nd requires scaling by 1/0.36. Due to
this counteraction, unscaled fluxes can be used, i.e. total Nd fluxes are used in the model
and as such, the sum of the simulated 143Nd + 144Nd (Eq. (3.2)) can be easily converted
to observed [Nd] for direct comparison, as carried out previously by Gu et al. (2019);
Pöppelmeier et al. (2020b); Rempfer et al. (2011).

The implementation of each source/sink term is described in detail in the following
sections. To summarise these different components, Nd sources from aeolian dust fluxes
and dissolved riverine input enter the ocean only via the uppermost near-surface ocean
layer of the model. Seafloor sedimentary fluxes, an umbrella term that refers to a multitude
of processes encompassing boundary exchange (Lacan and Jeandel, 2005a), submarine
groundwater discharge (Johannesson and Burdige, 2007), and a benthic flux released from
pore waters (Abbott et al., 2015a), are simulated via a combination of a sedimentary
source applied across sediment-water interfaces together with a separate sink occurring via
particle scavenging. Removal of Nd from the ocean model occurs when Nd scavenged/adsorbed
onto sinking biogenic and lithogenic (dust) particles reaches the seafloor via vertical fluxes
and undergoes sedimentation, removing the particle-associated Nd from the ocean.

In the model numerics, fluxes of each Nd isotope into the ocean (kg m−3s−1) are
multiplied by a factor of 1018. This technique minimises the mathematical error associated
with carrying small numbers, and so concentrations of each Nd isotope in model units are in
(1018 kg (Nd) m3). A full list of all variables described in the text and their abbreviations
are given in Table 3.1.

Table 3.1: Nd scheme model parameters, abbreviations, fixed
model parameter values, and units.

Variable Abbreviation Fixed parameter
value

Unit

Total Nd concentration [Nd]t - pmol kg−1

Dissolved Nd [Nd]d - pmol kg−1

Particle-associated Nd [Nd]p - pmol kg−1

Nd source, total ftotal - g Nd yr−1

Nd source, density Stotal - g Nd m−3yr−1

Dust source, total fdust 3.3 × 108 g Nd yr−1

Dust source, density Sdust - g Nd m−3yr−1

Flux of dust Fdust 2D horizontal
global field from
Hopcroft and
Valdes (2015)

g m−2yr−1

Nd concentration dust Cdust 20 µg g−1

Nd dust dissolution βdust 0.02
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Riverine source, total friver 4.4 × 108 g Nd yr−1

Riverine source, density Sriver - g Nd m−3yr−1

River discharge RIVER - g m−2yr−1

Riverine scaling factor αriver 1
Nd concentration river Criver - µg g−1

Nd removal, estuaries γriver 0.7
Sediment source, total fsed - g Nd yr−1

Sediment source, density Ssed - g Nd m−3yr−1

Total sediment surface Atotal - m2

Gridbox sediment surface A(i, k) - m2

Gridbox volume A(i, k) - m3

Thickness of euphotic layer zeu 81 m
Penetration depth of opal lopal 10,000 m
Penetration depth of CaCO3 lcalcite 3,500 m
Particle settling velocity ω 1,000 m yr−1

Ratio [Nd]p to [Nd]d [Nd]p/[Nd]d -
Global average density of
seawater

p 1,024.5 kg m−3

Reversible scavenging, density Srs - g Nd m−3yr−1

Ratio between average POC
concentration and density of
seawater

RPOC 2.93 × 10−9

Ratio between average
CaCO3 concentration and
density of seawater RCaCO3

6.27 × 10−9

Ratio between average opal
concentration and density of
seawater

Ropal 5.21 × 10−9

Ratio between average dust
concentration and density of
seawater

Rdust 1.73 × 10−9

Total Nd inventory after
equilibrium

Nd(I) - 1012 g

3.2.3.1 Dust source

Surface dust deposition (Fdust) is prescribed in the model from the annual mean dust
deposition for the pre-industrial as simulated by the atmosphere component of the Hadley
Centre Global Environmental Model version 2 (HadGEM2-A) GCM (Collins et al., 2011)
(Fig. 3.4a). The dust deposition scheme (described by Woodward 2011) has been shown to
be in generally good agreement with observations, with concentrations in the Atlantic well
simulated across the whole of the Saharan dust plume, although some discrepancies occur,
including an overestimation at some Pacific sites during spring (Collins et al., 2011). The
simulation of pre-industrial climate conditions within HadGEM2 are described by Hopcroft
and Valdes (2015), and the dust results specifically are described in full by Hopcroft and
Valdes (2015). Based on these simulated dust fluxes, we apply an Nd source per volume
(Sdust : g m−3yr−1) in the uppermost layer of the ocean model, assuming a global mean
concentration of Nd in Cdust(Cdust = 20 µg g−1) (Goldstein et al., 1984; Grousset et al.,
1988, 1998) from which only a certain fraction βdust(βdust = 0.02: Greaves et al. 1994)
dissolves in seawater.

Sdust(i, k) =
Fdust(i, 1) × Cdust × βdust

dz(i, 1)
(3.6)
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Here i, k represents the horizontal and vertical indexing of model grid cell and dz is
the grid cell’s thickness (10 m in the uppermost surface layer where k = 1). The total
global flux of Nd from surface aeolian dust deposition to seawater (fdust) is
3.3 × 109 g(Nd) yr−1. Although we use an updated dust deposition field compared to
previous studies, prescribed Cdust and βdust are broadly consistent with earlier Nd isotope
schemes, providing a comparable total Nd dust source (1.0×108 g−5.0×108 g(Nd) yr−1;
Arsouze et al. 2009; Gu et al. 2019; Pöppelmeier et al. 2020b; Rempfer et al. 2011;
Tachikawa et al. 2003).

Figure 3.4: (a) Annual dust deposition taken from the pre-industrial annual mean dust
deposition simulated by HadGEM2-A GCM (Hopcroft and Valdes, 2015), and (b) εNd

signal from dust deposition following Tachikawa et al. (2003) and updated with information
from Mahowald et al. (2006) and Blanchet (2019).

For the Nd isotope compositions of the dust flux, we started with the first-order
estimate by Tachikawa et al. (2003), as follows: North Atlantic > 50◦ N; εNd = −15,
Atlantic < 50◦ N: εNd = −12, North Pacific > 44◦ N: εNd = −5, Indopacific < 44◦

N: εNd = −7, and remainder: εNd = −8. This was revised with additional constraints,
accounting for the dust plume expansions as reported by Mahowald et al. (2006), in
combination with the mean Nd isotope signatures of the respective source regions as
determined by the global compilation of detrital Nd isotope data by Blanchet (2019) (Fig.
3.4b).
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3.2.3.2 Dissolved riverine source

To represent the Nd source from dissolved river fluxes, we used the river outflow to
the ocean simulated by FAMOUS (RIVER) as our river water discharge (g m−2 s−1)
and combined this outflow with both the Nd concentration (Criver; µg g−1) and isotopic
concentration (used to calculate the flux from each Nd isotope using Eq. (3.4) and Eq.
(3.5)) of river water dissolved material, as estimated by Goldstein and Jacobsen (1987, see
Table 3). All river source Nd fields are shown in Fig. 3.5.

Figure 3.5: (a) Simulated river outflow (RIVER) in FAMOUS, (b) major river εNd, and (c)
major river [Nd]; (b) and (c) are prescribed following estimates by Goldstein and Jacobsen
(1987).

River outflow in FAMOUS is based on a routing scheme that instantaneously delivers
terrestrial runoff (precipitation - [evaporation + soil moisture]) from the location that
precipitation falls to the designated coastal grid cell that the runoff would reach due to
river routing (i.e., the river mouth). Relating the riverine Nd flux to the model’s prognostic
river discharge allows the Nd river source to respond to different climatic conditions,
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making it a more dynamic and predictive tool for examining the impact of changes in
the global hydrological balance, such as wetting/drying events, or shifts in the monsoons.
Essentially, river outflow plumes are ‘tagged’ with the estimated εNd (which is provided
as an input map along the coasts; Fig. 3.5b) according to the model’s projected water
discharge at that location and Criver (also provided as an input map along the coasts;
Fig. 3.5c). For palaeo or future climate applications where river routing is significantly
different to today, the input maps controlling εNd and Criver tagging at the coast would
need to be updated to reflect Nd dissolution from the modified fluvial pathway over land,
the model should predict the rest.

Estuaries are important biogeochemical reactors of rare earth elements (REEs), with
sea salt driving flocculation of river-dissolved organic matter, which results in estuarine
REE removal (Elderfield et al., 1990). This removal is known to be important in balancing
the marine REE budgets, however the complex processes involved are still not fully
constrained (Elderfield et al., 1990). Rousseau et al. (2015) summarised published observations
of Nd removal (%) in estuaries from observations of estuarine dissolved Nd dynamics
(Rousseau et al. 2015; their Table 1). Published values (n = 17) range from 40% in Tamar
Neaps (Elderfield et al., 1990) to 97% in the Amazon (Sholkovitz, 1993), with a mean Nd
removal of 71±16% (s.d.). Based upon this, and parallel to previous model schemes (e.g.,
Rempfer et al. 2011; Gu et al. 2019; Arsouze et al. 2009), we assume that 70% of dissolved
Nd from river systems are removed in estuaries (i.e., γriver = 0.7).

The dissolved riverine source per unit volume of Nd (Sriver : g m−3yr−1) in the
uppermost layer of the ocean is therefore calculated as:

Sriver(i, k) =
RIV ER(i, 1) × Criver × (1.0 − γriver)

dz(i, 1)
(3.7)

The total global flux of river sourced dissolved Nd to seawater (friver) is 4.4×108 g(Nd) yr−1.
Previous Nd isotope schemes have applied either fixed annual mean continental river
discharge estimates from Goldstein and Jacobsen (1987) and Dai and Trenberth (2002),
as applied in the Bern3D Nd isotope scheme (Rempfer et al., 2011; Pöppelmeier et al.,
2021a), or, similar to this study, using the model’s own river routing and discharge
schemes, as with NEMO-OPA (Arsouze et al., 2009) and CESM1 (Gu et al., 2019). Our
estimated global total riverine Nd source to the oceans sits within previous model estimates
(2.6 × 108 − 1.7 × 109 g(Nd) yr−1; Arsouze et al. 2009; Gu et al. 2019; Pöppelmeier et al.
2020b; Rempfer et al. 2011; Tachikawa et al. 2003).

There is a larger range in estimated riverine Nd flux to the ocean relative to the
estimated dust flux ranges. It should be noted that the largest simulated Nd river source
amongst these studies (1.7 × 109 g(Nd) yr−1; Pöppelmeier et al. 2020b) in the updated
Bern3D Nd isotope scheme applied a river scaling factor, used as a tuning parameter and
based on findings by Rousseau et al. (2015), who suggest a globally significant release of
Nd to seawater by dissolution of river sourced lithogenic suspended sediments grounded
upon observations in the Amazon estuary. Our model does not attempt to fully resolve all
complex estuarine processes, and in this study we chose to represent the dissolved riverine
flux as a single source to seawater. Early findings by Goldstein and Jacobsen (1987)
document that the Nd isotope composition of dissolved and suspended river loads can
vary by up to four epsilon units. Observations presented by Rousseau et al. (2015) showed
the measured Amazon dissolved river end member value (εNd = −8.9) was more radiogenic
than the typical suspended river material (εNd = −10.6) and as such, combining dissolved
and particulate sources in river εNd budgets is non-trivial. Furthermore, our sediment
Nd source to the ocean (described Sect. 3.2.3.3), which occurs across sediment-water
interfaces, utilises the continental margin and seafloor εNd distribution maps by Robinson
et al. (2021), thus using the most recent compilation of published global observations of
Nd isotope compositions of river sediment samples deposited on the continental shelf and



92 CHAPTER 3. SIMULATING ND ISOTOPES IN FAMOUS

slopes (alongside geological outcrops and marine sediment samples). It is therefore likely
that this margin source encompasses at least in part the Nd isotope fingerprint from a
river particle flux. Notwithstanding, our model does permit a scaling of the Nd river flux
(αriver), which, although out of the scope of this study, could be applied in future model
development to explore in more detail a particulate river source as a major Nd flux to
seawater.

3.2.3.3 Continental margin and seafloor sediment source

The sediment source describes the flux of Nd into seawater entering each model grid cell
adjacent to sediment, this source is not restricted to the uppermost surface layers and can
be implemented across all vertical and horizonal sediment-water interfaces, as is the case
for all experiments described in this study. As such, the sediment source represents (1)
boundary exchange, as defined by Lacan and Jeandel (2005b), which describes the flux
of Nd from particle-seawater exchange occurring predominantly across the continental
margins; (2) submarine groundwater discharge, as suggested by Johannesson and Burdige
(2007), which releases Nd to seawater via discharge of fresh groundwater to coastal seas
and is mainly limited to the upper 200 m; and (3) a benthic flux, which specifically refers
to a transfer of Nd from sediment pore water to seawater resulting from early diagenetic
reactions and is not depth limited (Abbott et al., 2015b,a; Haley et al., 2017).

The total sediment Nd source per unit volume (Ssed : g m−3yr−1) into any given
ocean grid cell is dependent on the fraction of the surface area of that cell that is in
contact with sediment. Similar to previous schemes (e.g., Gu et al. 2019; Pöppelmeier
et al. 2020b; Rempfer et al. 2011), the total globally integrated sediment-associated Nd
source to the ocean (fsed : g Nd yr−1) is used as a tuning parameter.

Ssed(i, k) = fsed ×
A(i, k)

Atotal
× 1

V (i, k)
, (3.8)

where A(i, k) is the total area of the sediment surface in contact with seawater per ocean
grid cell (m2), Atotal is the total global area of the sediment surface where a sediment
source occurs (m2) and V (i, k) is the volume of water per ocean grid cell (m3).

There remains no true consensus on whether (and how) to apply spatial variability
to sediment Nd sources, as reflected in the way previous schemes have adopted different
approaches. Arsouze et al. (2009) limited the sediment flux to the upper 3,000 m of the
ocean (to represent ‘boundary exchange’ processes), imposing a depth scaling factor, and
considering estimated [Nd] distributions across the continental margins using the earlier
marine margin Nd compilation by Jeandel et al. (2007). Both Rempfer et al. (2011) and Gu
et al. (2019) simplified this method by applying spatially uniform sediment Nd fluxes, also
limited to the upper 3,000 m. In more recent work, Pöppelmeier et al. (2020b) removed
the depth limitation (as we have done), and incorporated a geographically-varying scaling
factor that extrapolated modern Nd flux observations to try to capture more localised
features through increased benthic fluxes (Abbott et al., 2015b; Blaser et al., 2020; Grenier
et al., 2013; Lacan and Jeandel, 2005a; Rahlf et al., 2020). Pasquier et al. (2021) presented
the first inverse model of global marine cycling of Nd, and in this latest scheme, the
strength of the sediment Nd flux to the ocean was imposed with an exponential depth
function, resembling eddy kinetic energy and particulate organic matter fluxes, which are
characteristically larger near surface and coastal regions.

For our scheme, we do not assume spatial variations in the sediment source of Nd
(fsed). The flux per unit area is uniform with depth, latitude and longitude, essentially
avoiding making explicit inferences on the nature of the sedimentary Nd source. It has
been proposed that preferential mobilisation of certain components of the sediment drive
spatial variations in sediment fluxes (e.g., Abbott et al. 2015a; Wilson et al. 2013; Du
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et al. 2016; Abbott et al. 2019; Abbott 2019), and that both detrital and authigenic phases
likely exchange Nd within pore water during early diagenesis (Du et al., 2016; Blaser et al.,
2019a). However, the elusiveness of marine Nd cycling alongside our limited knowledge of
the specific mechanisms controlling sediment-water Nd exchange means that determining
generalisable rules for where and under what conditions (e.g., redox environments or fresh
labile detrital material) preferential mobilisation may occur is unknown and challenging
to resolve. Therefore, in accordance with Pöppelmeier et al. (2020a); Du et al. (2020);
Gu et al. (2019) and Rempfer et al. (2011), we adopt a constant detrital sediment flux
as a first-order approximation. In fact, we contend that applying this simpler method, as
opposed to constructing a more complex source term that is arguably just as arbitrary
(given the uncertainty in Nd cycling), allows for a more explicit quantification of differences
between observed and simulated Nd distributions. As such, without overfitting our model,
we allow for the clearest indication of those parts of the system that are well understood
(and represented), and those which prove deficient. Under this framework, we may
separate out and test the effect of many of the major Nd sources/sinks with dedicated
sensitivity simulations, including the possibility, in future work, of incrementally modifying
the sediment source distributions to increase the complexity of the scheme and assess the
impact of our various assumptions.

The isotopic ratio of the sediment Nd flux to seawater is prescribed using the recent
updated global gridded map of bulk detrital εNd at the continental margins and seafloor
(Robinson et al. 2021, Fig. 3.6a). Using Eq. (3.4) and Eq. (3.5), fluxes of each Nd isotope
are calculated from this condition and bi-linearly regridded to the model’s native resolution
(Fig. 3.6b). Previous studies used the predecessor continental εNd map by Jeandel et al.
(2007) (e.g. Arsouze et al. 2009, 2007; Gu et al. 2019; Rempfer et al. 2011); see Fig. 5 in
Robinson et al. (2021) for a comparison of the differences). Marginal εNd distributions in
our improved map are broadly more radiogenic across the Arctic Shield, Northern Eurasia,
South America, north-eastern Africa and Antarctica and more unradiogenic over southern
Greenland, north-eastern Europe, western and eastern Africa and parts of the Americas.
Crucially, the newer map of Robinson et al. (2021) provides the first estimate of global
seafloor sediment Nd isotope composition, which is necessary for considering a global (e.g.,
rather than depth limited) benthic flux.
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Figure 3.6: (a) Map of the global εNd distributions at the sediment-ocean interface from
Robinson et al. (2021), and (b) as used as a model input in this study (bi-linearly regridded
from (a) onto the coarser FAMOUS ocean grid).

Pasquier et al. (2021) first applied the sedimentary εNd map from Robinson et al.
(2021) in their recent global marine Nd isotope scheme, imposing positive (i.e., radiogenic)
modifications to the Pacific sedimentary εNd and using a reactivity scaling factor (linked
to sediment lability) that favours more extreme εNd signals. Here, we again adopt a
simpler approach, imposing the unmodified sediment εNd distributions from Robinson
et al. (2021), allowing for a presentation of our new scheme based on what we confidently
know about Nd cycling without the complication of over-conditioning our model inputs.
Future research may then use this work as a foundation to robustly explore different choices
for model inputs (i.e., boundary conditions) to revisit these fundamental questions about
Nd sediment source.

3.2.3.4 Internal cycling via reversible scavenging

Vertical cycling and removal of Nd from the water column via sinking particles (‘reversible
scavenging’) is parameterised using the same approach as previous Nd isotope implementations
(Siddall et al., 2008b; Arsouze et al., 2009; Rempfer et al., 2011; Gu et al., 2019; Pöppelmeier
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et al., 2020a; Oka et al., 2021). Based on the original scheme of Bacon and Anderson
(1982), the method captures the physical process of absorption/incorporation and
desorption/dissolution of Nd onto particle surfaces in seawater. The scheme assumes that
particle associated Nd is in dynamic equilibrium with falling particles throughout the
water column, with continuous exchange between the particle and dissolved pools. This
process redistributes Nd within the water column, acting as a net sink of dissolved Nd at
shallower depths as they adsorb onto particle surfaces, and a net source at greater depths
where dissolution of particles releases dissolved Nd back to seawater. The scavenging
is the only sink of Nd in our model; Nd associated to particles (particulate organic
carbon, POC; calcium carbonate, CaCO3; opal; dust) reaching the seafloor is removed
from the system, operating under a steady state assumption that acts to balance the three
external input sources (marine sediments, dust and rivers). Previous studies (e.g., Siddall
et al. 2008b; Arsouze et al. 2009; Rempfer et al. 2011; Gu et al. 2019; Wang et al. 2021)
have demonstrated that reversible scavenging is an active and important component in
global marine Nd cycling, and is necessary for successfully simulating both [Nd]d and εNd

distributions.

Updating the approach employed by Siddall et al. (2008b), we prescribe individual
biogenic particle export fields based on satellite-derived primary production. FAMOUS
does contain an optional ocean biogeochemistry module (Hadley Centre Ocean Carbon
Cycle; HadOCC), which includes simplified nutrient-phytoplankton-zooplankton-detritus
(NPZD) classes (Palmer and Todderdell, 2001) and could instead be used as the basis
for predicting vertical particle fluxes in the ocean (which was the approach adopted by
Arsouze et al. 2009; Gu et al. 2019; Rempfer et al. 2011). We favoured satellite-derived
estimates in order to improve the accuracy of particle-associated cycling of Nd and reduce
biases inherent to the intermediate complexity biogeochemistry model (Dentith et al.,
2020; Palmer and Todderdell, 2001). This approach also optimises the computational
efficiency of our scheme, since the added ecosystem and geochemistry tracer fields in
HadOCC slows the model down. However, future work could modify our implementation
to instead associate Nd cycling with the prognostic particle fields in HadOCC.

In our scheme, biogenic particle fields (POC, CaCO3, and opal) are prescribed using
gridded, global satellite-derived particle export productivity from Dunne et al. (2012,
2007). The euphotic zone (zeu), is set to a globally uniform depth in FAMOUS of
81 m, the closest bottom grid box depth to match that defined in the OCMIP II protocol
(75 m) (Najjar and Orr, 1998). Below zeu, appropriate depth-dependent dissolution
profiles, derived from assumptions of particle degradability and sinking speed (Martin
et al., 1987; Laws et al., 2000; Behrenfeld and Falkowski, 1997), and widely used to model
flux attenuation in ocean models (e.g. all models used in the Ocean-Carbon Cycle Model
Intercomparison Project; Doney et al. 2004; Sarmiento and LeQuéré 1996), were applied
to the biogenic export fluxes.

Downward fluxes of POC (FPOC) follow the power-law profile of Martin et al. (1987):

FPOC(z) = FPOC(zeu) ×
(

z

zeu

)−α

(for z > zeu), (3.9)

where z is depth (m), and α represents a dimensionless dissolution constant for POC
set to 0.9 (Najjar and Orr, 1998). Although a widely used parameterisation of dissolution,
it should be noted this so-called ‘Martin curve’ is known to underestimate the flux to the
sediment in the off-equatorial tropics and subtropics and overestimates the flux in subpolar
regions, indicating particles penetrate deeper than the Martin curve in the tropics and
shallower in sub-polar regions (Dunne et al., 2007).

Downward fluxes of opal (Fopal) and CaCO3 (FCaCO3
) follow exponential dissolution

profiles with particle-specific length scales lopal (10,000 m) and lcalcite (3,500 m) (Maier-Reimer,
1993; Henderson et al., 1999; Najjar and Orr, 1998):
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Fopal(z) = Fopal(zeu) × exp

(
zeu − z

lopal

)
, (3.10)

FCaCO3
(z) = FCaCO3

(zeu) × exp

(
zeu − z

lCaCO3

)
, (3.11)

The sinking of dust is prescribed according to the pre-industrial annual mean dust
deposition simulated by Hopcroft and Valdes (2015) (see Sect. 3.2.3.1). We assume that
dust does not dissolve significantly with depth and so dust export fluxes are constant
throughout the water column. In line with previous schemes (e.g. Arsouze et al. 2009;
Pöppelmeier et al. 2020b; Rempfer et al. 2011; Siddall et al. 2008b), a uniform settling
velocity (ω) of 1,000 m yr−1 is applied to all particle fields, capturing the mean particle
flux to the seafloor.

Annual averaged export of biogenic fields are shown in Fig. 3.7 and the total annual
export production of POC (9.6 Gt(C) yr−1), CaCO3 (0.45 Gt(C) yr−1), and opal (90
Tmol(Si) yr−1) are comparable with previous estimates, although export of CaCO3 and
opal are at the lower end, as highlighted in Table 3 by Dunne et al. (2007). Note, the
annual export of CaCO3 reflects the new optimised surface calcite parameterisation as
described in Dunne et al. (2012).
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Figure 3.7: Particle export fields from the ocean surface (g m−2 yr−1). Biogenic particle
fields are prescribed using satellite-derived export productivity fields for (a) POC, (b)
CaCO3 and (c) opal (Dunne et al., 2007, 2012). The dust input fields (d) are annual mean
dust deposition simulated for the pre-industrial by the HadGEM2-A GCM (Hopcroft and
Valdes, 2015). Note the different scale used for panel (a).

Reversible scavenging (Ndrs) considers total Nd for each isotope (j) as the dissolved
Nd (Ndd) and particulate Nd (Ndp) associated with the different particle fields (χ; where
χ = POC, CaCO3, opal and dust).

[Nd]jt = [Nd]jd + [Nd]jp = [Nd]jd +
∑
χ

[Nd]p,χ]j (3.12)

Ndp sinks in the water-column with the particles due to gravitational force. Dissolution
of biogenic particles with increasing depth below the euphotic zone releases Nd
incorporated/adsorbed onto particles back to seawater (i.e., the Nd is dissolved/desorbed).
Thus, particles act as internal sinks for marine Ndd in shallower depths and as sources at
greater depths. This combined process for reversible scavenging (Srs) in the model can be
described by:

Srs(i, k) =
−∂(ω[Nd]p(i, k))

∂z(i, k)
(3.13)

Where [Nd]p can be determined within the model from total Nd for each isotope:

[Nd]jp(i, k) = [Nd]jt (i, k) ×
(

1 − 1

1 +
∑

χRχ(i, k) ×Kj
χ

)
, (3.14)

Rχ(i, k) describes the dimensionless ratio between particle concentration for each
particle type Cχ(i, k) and the average density of seawater (p:1024.5 kg m−3), input as
fixed boundary conditions in our scheme. Cχ is calculated from the prescribed particle
fluxes (Fχ; Fig. 3.7) by assuming a globally uniform settling velocity ω = 1, 000 m yr−1,
(Arsouze et al., 2009; Dutay et al., 2009; Gu et al., 2019; Kriest and Oschlies, 2008; Rempfer
et al., 2011), i.e. Cχ = fχ/ω. The equilibrium between dissolved concentration ([Nd]d)
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and concentration associated to particle-type ([Nd]p) can be described by the equilibrium
partition coefficient (Kj

χ):

Kj
χ =

[Nd]jp,χ

[Nd]jd
× 1

Rχ
, (3.15)

here [Nd]p/[Nd]d represents the scavenging efficiency in the model. It is independent
of particle type and is used as a tuning parameter. Rχ, however, is dependent on particle
type (where Rχ = Cχ/p and thus Kχ is different for different particles. Our global mean
particle concentrations (Cχ; Table 3.2) are similar to those reported in previous schemes;
see Supplementary Information (Sect. 3.5): Table 3.8 for a comparison.

Table 3.2: Global mean particle concentrations for each particle type used to calculate
equilibrium scavenging coefficients following Eq. (3.15). In summary export fluxes of POC,
CaCO3 and opal are from Dunne et al. (2007, 2012) and dust fluxes are from Hopcroft
and Valdes (2015).

Particle type Acronym Concentration (kg m−3)

POC CPOC 3.0 × 10−6

CaCO3 CCaCO3
6.43 × 10−6

Opal COpal 5.33 × 10−6

Dust Cdust 1.78 × 10−6

Isotopic fractionation during absorption/incorporation and desorption/dissolution is
neglected due to similar masses of 143Nd and 144Nd, avoiding undue complexity arising
from any assumption about preferential scavenging (Siddall et al., 2008b). Adsorption
occurs everywhere that particles are present and we do not allow for preferential scavenging
onto different particle types, consistent with previous models (e.g. Rempfer et al. 2011).
In contrast, Siddall et al. (2008b) optimised Kχ to fit observed [Nd]d for each particle type.
Their optimised solution effectively implied no scavenging of Nd by POC, this result was
considered tentative due to similar dissolution profiles of CaCO3 and POC, which likely
biased scavenging to CaCO3 that may have been more correctly attributable to POC.

Therefore, and by including advection and diffusion processes (Transport), it follows
that the total conservation equation for each Nd isotope in the model scheme can be
written as:

δ[Nd]jt
δt

= Sj
dust + Sj

river + Sj
sed + Sj

rs + Transport, (3.16)

3.2.4 Evaluation methods & data sets

To validate the new Nd isotope scheme and to assess the model’s performance, we compare
the simulated [Nd]d and εNd to modern seawater measurements, with a focus on describing
the ability of the model to represent key spatial and vertical distributions across ocean
basins.

As part of this assessment, a basic indication of model skill is returned by the mean
absolute error (MAE):

MAE =
1

N

N∑
k=1

|obsk − simk|, (3.17)

where obsk and simk are measured and simulated [Nd]d or εNd respectively, and k
is an index over all observational data. For each measurement – based on its longitude,
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latitude, and depth – the value predicted by the model is extracted and the mean deviation
of simulated and observed [Nd]d and εNd is presented in pmol kg−1 and epsilon units
respectively. Here we chose specifically not to apply a grid box volume weighting to the
MAE, which would act to emphasise abyssal Pacific results in our assessment of model skill,
where there are few observations and relatively low variability in Nd distributions. The
advantage of using an unweighted MAE is that the assessment metric better scrutinises
regions with larger (spatial) gradients in both [Nd]d or εNd; i.e., at the surface and
high latitudes. The observational data used in this assessment are from the seawater
REE compilation used by Osborne et al. (2017, 2015), augmented with more recent
measurements including data in the GEOTRACES Intermediate Data Product 2021
(GEOTRACES Intermediate Data Product Group, 2021) from GEOTRACES cruises
(GA02, GA08, GP12, GN02, GN03 and GIPY05). Combined, our observational database
represents a total of 6,048 [Nd]d and 3,278 εNd measurements, making it the largest
compilation of seawater Nd data used to date to validate the performance of an Nd isotope
enabled model. Notably, we omit measurements of [Nd]d > 100 pmol kg−1 from the model
data comparison because they represent very localised signals which we do not attempt
to resolve. These include extreme surface concentrations present in restricted basins such
as fjords, the Baltic Sea and the Gulf of Alaska (Chen et al., 2013; Haley et al., 2014),
or input from hydrothermal activity (Chavagnac et al., 2018), which is not believed to
govern global marine Nd distributions due to the immediate removal of hydrothermal Nd
at the vent site (Goldstein and O’Nions, 1981). The location and spatial distribution of
all observational records used in this study are shown in Fig. 3.8, and full details of the
seawater compilation including a full list of all the references for the data sources are
provided in Appendix A.
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Figure 3.8: Location of marine observational records used in this study, (a) filled orange
triangles show the location of dissolved Nd concentration records, and (b) filled sky-blue
circles show the location of dissolved εNd records.

Neither the horizontal nor vertical distribution of global seawater [Nd]d and εNd

observational data are even. Most [Nd]d measurements are in the Pacific Ocean followed by
the Atlantic Ocean (representing 37% and 35% of measurements respectively, noting that
the Pacific has more than twice the volume of the Atlantic), with far fewer measurements in
the Indian Ocean (12%) and the Southern Ocean (5%). In comparison, εNd measurements
are most frequent in the Atlantic Ocean (45%), followed by Pacific Ocean (29%), and again
there are fewest measurements from the Indian Ocean (8%) and Southern Ocean (7%).
Both [Nd]d and εNd observational data are biased towards shallower depths, with median
depths of 496 m and 505 m, with only 10% and 11% of measurements at depths below
3,000 m respectively. It is therefore important to highlight that, as with previous studies,
skew in the distribution of seawater Nd measurements will act to bias our assessment of
model performance; MAE[Nd] towards the Pacific Ocean and Atlantic Ocean, MAEεNd

towards the Atlantic Ocean, and both towards shallower depths.

In some instances, near land grid cells, the location of the compared measured and
modelled Nd may not match due to the coarseness of the model grid. In such cases, we
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employ a nearest neighbour algorithm to extract the modelled value from the closest ocean
model grid cell. Furthermore, if multiple measurements occur within one model grid cell,
the arithmetic mean of the values is used for our comparison to model results, and as such,
n = 3,471 and 2,136 for the calculation of both MAE[Nd] and MAEεNd

respectively.

To ensure that our evaluation is not overly reliant on the cost-function analysis alone,
and hence reduce the spatial biases in our assessment from the geographically uneven
spread of measured [Nd]d and εNd, we also evaluate the capability of the model to
reproduce appropriate global Nd inventories and to simulate large-scale horizontal and
vertical gradients. For example, we compare [Nd]d and εNd patterns across the global
thermohaline circulation, through inter basin gradients, depth profiles and between distinct
water masses, critically assessing the contributions of distinct Nd sources and cycling
processes. We compare our results briefly with findings from previous modelling studies,
but we highlight that the purpose of this study is to understand the behaviour of our model,
and not to undertake a comprehensive calibration of its performance. Optimisation (or
‘tuning’) of the Nd scheme will follow this work, and this needs to be considered when
comparing the cost function performance to previous schemes.

3.2.5 Sensitivity experiment design

We designed a number of sensitivity experiments (Table 3.3) to systematically vary individual
model parameters describing the reversible scavenging efficiency ([Nd]p/[Nd]d) and the
main Nd source (fsed) in order to better understand our model’s behaviour and performance.
These two parameters ([Nd]p/[Nd]d and fsed) were chosen primarily as they represent
important and largely unconstrained non-conservative processes that are understood to
govern simulated global distributions of both seawater [Nd]d and εNd (Rempfer et al.,
2011; Pöppelmeier et al., 2020a; Gu et al., 2019; Arsouze et al., 2009; Siddall et al., 2008b).
By isolating individual effects, the primary aim was to understand in detail the model’s
sensitivity to different forcings, identify which parameters are important for [Nd]d and/or
εNd patterns across different ocean basins and ocean depths, and to identify assumptions
within the explored parameters that require further constraining (through further field
campaign, laboratory analysis or model experimentation).

Firstly, [Nd]p/[Nd]d is systematically varied in six sensitivity simulations ([Nd]p/[Nd]d
ranging 0.001-0.006), these values are based upon results from similar modelling schemes
(Rempfer et al., 2011; Arsouze et al., 2009; Gu et al., 2019) and considers the few direct
observations of [Nd]p/[Nd]d (Jeandel et al., 1995; Stichel et al., 2020; Zhang et al., 2008).
Here, and based upon simulations undertaken when validating the scheme, alongside
estimates from previous optimised Nd isotope schemes (Arsouze et al., 2009; Rempfer
et al., 2011; Gu et al., 2019; Pöppelmeier et al., 2020a), fsed is fixed at 4.5 × 109 g yr−1

throughout.

Secondly, fsed is varied in four sensitivity simulations (fsed ranging
1.5 × 109 − 6.0 × 109 g yr−1), using values based upon previous recent estimates of a
global sediment flux to seawater (3.3 × 109–5.5 × 109 g yr−1; Gu et al. 2019; Pöppelmeier
et al. 2020b; Rempfer et al. 2011), and encompassing a larger parameter space in order to
explore the sensitivity of Nd distributions. Notably, our fsed sensitivity studies alter the
percentage contribution of the sediment Nd flux to the total Nd flux to seawater from 66%
(where fsed = 1.5× 109 g yr−1) to 89% (where fsed = 6.0× 109 g yr−1). In all simulations
[Nd]p/[Nd]d is fixed at 0.003, based upon reasons outlined for the [Nd]p/[Nd]d sensitivity
simulations.
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Table 3.3: Suite of FAMOUS simulations designed to assess the sensitivity of simulated
[Nd]d and εNd distributions to two systematically varied parameters: reversible scavenging
efficiency ([Nd]p/[Nd]d) and the global rate of direct Nd transfer from sediment to ocean
water (fsed). Simulation name refers to the title given to each sensitivity simulation in this
chapter, and the simulation identifier refers to the unique five-letter Met Office identifier
(which, for example, can be used to call down full experiment details from the NERC
PUMA facility: puma.nerc.ac.uk).

Simulation name Simulation identifier fsed (g(Nd) yr−1) [Nd]p/[Nd]d
Varying [Nd]p/[Nd]d
EXPT RS1 XPDAI 4.5 × 109 0.001
EXPT RS2 XPDAD 4.5 × 109 0.002
EXPT RS3 XPDAH 4.5 × 109 0.003
EXPT RS4 XPDAE 4.5 × 109 0.004
EXPT RS5 XPDAF 4.5 × 109 0.005
EXPT RS6 XPDAG 4.5 × 109 0.006

Varying fsed
EXPT SED1 XPDAL 1.5 × 109 0.003
EXPT SED2 XPDAM 3.0 × 109 0.003
EXPT SED3 XPDAH 4.5 × 109 0.003
EXPT SED4 XPDAN 6.0 × 109 0.003

Dissolved seawater Nd in all simulations are initialised from zero and integrated for
at least 9,000 years under constant pre-industrial boundary conditions to allow the deep
ocean circulation and marine Nd cycle to reach steady state, which we define as being when
the Nd inventory becomes [near] constant with time (< 0.02 % change per 100 years). All
the presented results refer to or show the centennial mean from the end of the 9,000-year
simulations.

3.3 Results and discussion

3.3.1 Model sensitivity to reversible scavenging efficiency ([Nd]p/[Nd]d)

The first set of sensitivity experiments test the response of simulated [Nd]d and εNd

to a systematic variation of the reversible scavenging tuning parameter ([Nd]p/[Nd]d)
while all other parameters are kept constant. In the first 2,000 years, the Nd inventory
increases exponentially in all simulations (Fig. 3.9). EXPT RS1 continues to increase
rapidly until the end of the experiment, but after 2,000 years for simulations EXPT RS2
to EXPT RS6, the rate of global Nd accumulation begins to slow as the inventories tend
towards equilibrium. By year 6,000, all experiments with a global Nd inventory
< 8.0 × 1012 g reach steady state and remain so until the end of the experiment (9,000
years). We therefore deem these simulations to have reached an acceptable equilibrium
state. We explain why EXPT RS1 and EXPT RS2 do not reach equilibrium below, but
otherwise, because of their unrealistic condition after 9,000 years (i.e. they reach an Nd
inventory far past the target inventory of 4.2× 1012 g; Tachikawa et al. (2003)), these two
simulations are largely omitted from further discussion and analysis.
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Figure 3.9: Global Nd inventory (g) simulated with different values for the reversible
scavenging tuning parameter, [Nd]p/[Nd]d, as indicated. Dashed line represents the
estimated global marine Nd inventory of 4.2 × 1012 g from Tachikawa et al. (2003) used
as an approximate target for our simulations.

Despite total Nd flux to seawater being kept constant, varying the scavenging efficiency
([Nd]p/[Nd]d) leads to different Nd inventories and residence times (Table 3.4), consistent
with previous studies (Siddall et al., 2008b; Arsouze et al., 2009; Rempfer et al., 2011;
Gu et al., 2019). A higher [Nd]p/[Nd]d increases both the Nd scavenging efficiency and
removal via sedimentation by enabling a larger fraction of seawater Nd to adsorb onto
particles, in turn leading to a lower Nd inventory and a lower residence time (where;
residence time = Nd inventory/total Nd flux).

Table 3.4: Overview of simulations exploring model sensitivity to the reversible scavenging
tuning parameter [Nd]p/[Nd]d. Displaying global mean absolute error (MAE) for [Nd]d
and εNd.

Simulation fsed
(×109

g yr−1)

[Nd]p
/[Nd]d

Total
Nd
flux
(×109

g yr−1)

Nd
inventory
(×1012 g)

Residence
time
(years)

MAE[Nd]

(n=3471)
% within
10 pmol
kg−1

MAEεNd

(n=2136)
% within 3
εNd -units

EXPT RS1 4.5 0.001 5.27 16 3036 44.46 6 3.34 48
EXPT RS2 4.5 0.002 5.27 8.91 1691 15.96 41 3.11 53
EXPT RS3 4.5 0.003 5.27 6.03 1145 10.13 58 2.88 57
EXPT RS4 4.5 0.004 5.27 4.51 856 9.66 62 2.67 60
EXPT RS5 4.5 0.005 5.27 3.58 679 10.52 56 2.46 64
EXPT RS6 4.5 0.006 5.27 2.95 559 11.7 50 2.27 70

Neodymium in EXPT RS1, which has the lowest [Nd]p/[Nd]d, has a residence time
of 3,036 years. This is much larger than the global ocean overturning time of 1,500 years,
resulting in an Nd inventory of 1.6×1013 g after 9,000 years, almost a factor of four larger
than that of the estimated Nd budget in the oceans of 4.2 × 1012 g from Tachikawa et al.
(2003). The [Nd]p/[Nd]d, and consequently the sink in EXPT RS1, is too small to balance
the input of Nd from the sources, causing such high Nd to accumulate in the simulation,
which, as a result, does not reach steady state (rate of change 0.16% per 100 years at
the end of the simulation; Fig. 3.9). Thus, EXPT RS1 returns the largest MAE[Nd]

and MAEεNd
from these simulations, indicating the worst model-data fit, especially for
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representing [Nd]d measurements. EXPT RS2, although tending towards equilibrium
at the end of the 9,000-year simulation (Fig. 3.9), just fails to reach steady state as
defined above, still experiencing a rate of change of 0.022% per 100 years, highlighting
that the rate of Nd removal from the ocean in this model configuration is still too low.
EXPT RS6, the experiment with the largest [Nd]p/[Nd]d, returns the lowest MAEεNd

.
However, reaching only 2.95 × 1012 g, the final Nd inventory is too low to be considered
as capturing Nd cycling well. On balance, we surmise that EXPT RS4 has the most
reasonable combination of prognostic skill in terms of simulated Nd inventory (4.51×1012

g) and residence time (856 years). This simulation, with [Nd]p/[Nd]d of 0.004, shows
balance between Nd accumulation and removal, and hence returns the lowest MAE[Nd]

alongside a moderately well performing MAEεNd
that falls in the middle of the range of

results.

In contrast to our model, the schemes by Rempfer et al. (2011) and Gu et al. (2019)
required a lower [Nd]p/[Nd]d of 0.001 and 0.0009 respectively for their optimised experiment
with Nd inventories of ≈ 4.2× 1012 g. Despite having similar scavenging schemes, a direct
comparison of the parameter values used in the different Nd isotope modelling studies is
difficult to make. This is because the divergence in sensitivity to reversible scavenging
efficiency can be attributed to a combination of the differing magnitude and spatial
distributions of model biogeochemical particle fields and Nd inputs, which are also partly
controlled by the different architecture and horizontal resolution of the physical models. In
other words, every study has run a different experiment, and so the results are not directly
comparable. We thus propose that a future modelling protocol for intercomparing different
global Nd isotope schemes would be well suited to exploring these differing sensitivities
comprehensively.

The different values of MAE[Nd] and MAEεNd
across our sensitivity experiments

(Table 3.4) demonstrates the distinctive and uncoupled behaviour of [Nd]d and εNd within
the ocean, as broadly described by the Nd paradox, indicating that different processes
govern the global distributions of each. In our results, increasing the efficiency of vertical
cycling improves model-data fit for εNd in a global sense, reducing MAEεNd

to a minimum
of 2.27 where [Nd]p/[Nd]d is 0.006. However, the story is more complicated for [Nd]d
performance, where increasing [Nd]p/[Nd]d from 0.001 up to 0.004 also reduces MAE[Nd]

(to a minimum of 9.66 pmol kg−1), but then subsequent increases in [Nd]p/[Nd]d (0.005
and 0.006) worsen model-data fit for [Nd]d because the sink term becomes too strong,
removing too much Nd from the ocean, as reflected in the low accumulated Nd inventories
(3.58 × 1012 g and 2.95 × 1012 g respectively).

Generally, simulated [Nd]d distributions in EXPT RS4 match observational data well
(Fig. 3.10). The lowest concentrations occur in the surface layers, and deep water [Nd]d
increases along the global circulation pathway and with increasing age of water masses,
with lowest [Nd]d in the North Atlantic Ocean and the highest concentrations in the deep
North Pacific Ocean (Bertram and Elderfield, 1993; van de Flierdt et al., 2016; Tachikawa
et al., 2017). These [Nd]d distributions are consistent with previous schemes that also
take into account reversible scavenging (Arsouze et al., 2009; Gu et al., 2019; Oka et al.,
2021; Rempfer et al., 2011; Siddall et al., 2008b). Thus, we may infer that the model
scheme in FAMOUS does have the broad capability of representing the physical processes
governing global marine [Nd]d distributions. However, the scheme does tend to simulate a
too pronounced global vertical [Nd]d gradient (Fig. 3.10 and Supplementary Information:
Fig. 3.24 for major ocean basin averaged depth profiles), a feature reported in previous
similar model schemes (e.g. Arsouze et al. 2009; Gu et al. 2019), indicating that the
representation of processes governing vertical [Nd]d does not yet fully capture all processes
occurring in the ocean, leading to an underestimation of [Nd]d in the surface ocean and
overestimation at abyssal depths.
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Figure 3.10: Global volume-weighted distributions of [Nd]d (left) and εNd (right) in
simulation EXPT RS4 split into four different depth bins, (a-b) shallow (0-200 m), (c-d)
intermediate (200-1,000 m), (e-f) deep (1,000-3,000 m), and (g-h) deep abyssal ocean
(>3,000 m). Water column measurements from within each depth bin (Osborne et al.,
2015, 2017; GEOTRACES Intermediate Data Product Group, 2021) are superimposed as
filled circles using the same colour scale.

Overestimation of the [Nd]d at depth may be caused by biases within the simulated
biogenic particle fields. Direct and comprehensive global observations of sinking particle
fluxes – the central driver of ocean biogeochemical cycling – remain fundamentally difficult
to obtain (Dunne et al., 2007), and our particle fluxes may be inaccurate as a consequence
(see Sect. 3.2.3.4 for assumptions and respective limitations). It also seems likely that
the reversible scavenging parameterisations, which are simple by design due to incomplete
understanding (also Sect. 3.2.3.4), restrict the model’s ability to precisely capture all
aspects of the measured Nd distributions. Additionally other particles such as Fe and Mn
oxides and hydroxides, not considered here, may also play an important role for scavenging
of Nd (e.g., Bayon et al. 2004). Further observational evidence of the processes involved
and their importance for Nd cycling by combined particulate and dissolved measurements
and laboratory experiments (e.g., Stichel et al. 2020; Pearce et al. 2013; Rousseau et al.
2015; Wang et al. 2021), plus experimentation within a modelling framework, may help
to improve this limitation.
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However, the largest model-data disparities for [Nd]d occur in the shallow ocean (above
200 m) at specific locations close to continental margins where Nd is input to the ocean
through major point sources that are not well resolved by the model. This includes
continental margins in the Labrador Sea (where simulated [Nd]d is 3 pmol kg−1 compared
to measured [Nd]d of 70 pmol kg−1) and the Sea of Japan (where simulated [Nd]d is
2 pmol kg−1 compared to measured [Nd]d of 50 pmol kg−1), for example. Such low [Nd]d
in the surface layers may be exacerbated by operational constraints in the scheme, such as
the extensive and immediate dilution of point sourced Nd across the whole of its containing
grid cell combined with the instantaneous nature of simulated reversible scavenging, which
may be much faster in the model than would occur normally.

Nonetheless, consistent with compilations of water column measurements (Tachikawa
et al., 2017; van de Flierdt et al., 2016), overall global distributions of simulated εNd

are broadly most unradiogenic in the North Atlantic and more radiogenic in the North
Pacific (Fig. 3.10), with intermediate values in the Southern and Indian Oceans. The most
unradiogenic εNd occurs in the surface layers of the Hudson Bay and Labrador Sea regions,
and they closely match measured data (εNd = -18). However, the most radiogenic εNd,
simulated in the surface layers of marginal regions in the North and equatorial western
Pacific (εNd = -3), is significantly lower than measured (εNd = +3), and in the central
and North Pacific; particularly above 1,000 m, simulated εNd is -7, but measurements are
closer to -1 εNd. In fact, these specific comparisons, which demonstrate a good match
in the North Atlantic and weaker performance in the North Pacific, are congruent with a
more general trend in the simulations. That is, at the basin scale, the magnitude of the εNd

gradient from Pacific to Atlantic is underestimated by the model, and presents a familiar
bias as seen in previous Nd isotope schemes (Arsouze et al., 2009; Rempfer et al., 2011;
Pöppelmeier et al., 2020a; Jones et al., 2008; Gu et al., 2019). This is mainly due to the
simulated Pacific being too unradiogenic (basinal mean εNd of -7.5) compared to measured
water samples (εNd = -4), while simulated and measured basinal mean Atlantic εNd values
are in much better agreement (εNd = -11 and -12.5 respectively; see Supplementary Fig.
3.24).

The discrepancy in simulated and measured Pacific εNd values may be amplified by
sparse sampling that is biased towards shallow radiogenic continental regions and volcanic
island areas, in which case, model performance is better than we are able to assess. In
addition, and as highlighted in Sect. 3.2.4, MAEεNd

is biased towards the Atlantic (45%
of all observational data), compared to the Pacific (29%). Consequently, due to biases
in measurement density, a simulation better representing the Atlantic is more strongly
favoured in the adopted cost function than one better representing the Pacific at the
expense of the Atlantic. One further explanation for why our simulated Pacific εNd is
so much lower than recorded in modern water measurements is that the model boundary
conditions, specifically the marine sediment source of Nd (taken directly from Robinson
et al. 2021), may not be sufficiently radiogenic; a point we will return to later (Sect. 3.3.2).

Simulated [Nd]d depth profiles in all the reversible scavenging sensitivity experiments
(Fig. 3.11) generally (though not always) exhibit similar depth profiles to the observational
data. The closest model-data fit is seen especially within depth profiles in the Pacific and
Southern Ocean, and notably more so under higher [Nd]p/[Nd]d. The largest model-data
offsets across all sensitivity experiments in terms of both the magnitude and the depth
gradients in [Nd]d occur in the North Atlantic Ocean. In particular, the large near-surface
concentrations are not resolved, with the largest disparities occurring under higher scavenging
parameterisations, where simulated [Nd]d < 10 pmol kg−1 in the upper 1,000 m are too
low compared to observed concentrations around 18-21 pmol kg−1.
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Figure 3.11: Central panel (g) displays [Nd]d at the seafloor in simulation EXPT RS4
(100-year mean from the end of the run), with superimposed water column measurements
(Osborne et al., 2017, 2015; GEOTRACES Intermediate Data Product Group, 2021) from
≥ 3,000 m shown by filled coloured circles on the same colour scale. Surrounding panels
(a-f) and (h-m) display depth profiles of simulated (coloured lines, one per sensitivity
simulation with varied [Nd]p/[Nd]d) and measured (filled circles) [Nd]d. Larger shifts in
the [Nd]d between simulations highlight regions most sensitive to the efficiency of reversible
scavenging.

Interestingly, we see a different sensitivity to varying [Nd]p/[Nd]d in [Nd]d (Fig. 3.11)
compared with εNd (Fig. 3.12) within different ocean basins and depths. For [Nd]d,
we find that all ocean basins are sensitive to the parameterisation of reversible scavenging
efficiency (i.e., wider divergence between the sensitivity for each depth profile), particularly
at depths below 1,000 m, which is broadly consistent with the findings reported in previous
work by Rempfer et al. (2011). However, Siddall et al. (2008b) showed a strong sensitivity
of Pacific [Nd]d alongside a weak sensitivity of Atlantic [Nd]d to the reversible scavenging
efficiency, the differences were attributed by the authors to the dominance of vigorous
Atlantic advective lateral transport, whereas we demonstrate similar sensitivities in the
Pacific, Atlantic, Indian and Southern Oceans (Fig. 3.11). The more simplified fixed
surface boundary conditions applied in Siddall et al. (2008b) are not influenced by changing
[Nd]p/[Nd]d, unlike the fluxes in the scheme presented here and by Rempfer et al. (2011),
which may explain the contradictory response of the Atlantic basin across these studies.
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Figure 3.12: Central panel (g) displays εNd at the seafloor in simulation EXPT RS4
(100-year mean from the end of the run), with superimposed water column measurements
(Osborne et al., 2017, 2015; GEOTRACES Intermediate Data Product Group, 2021) from
≥ 3,000 m shown by filled coloured circles on the same colour scale. Surrounding panels
(a-f) and (h-m) display depth profiles of simulated (coloured lines, one per sensitivity
simulation with varied [Nd]p/[Nd]d) and measured (filled circles) εNd. Larger shifts in
the εNd between simulations highlight regions most sensitive to the efficiency of reversible
scavenging.

For εNd, the response to varying scavenging efficiency has varied effects across depths
and between ocean regions, indicating a more complex relationship between how reversible
scavenging can delineate global εNd distributions in comparison to [Nd]d. The North
Atlantic is the most sensitive basin to changes in reversible scavenging (registered by
the greater εNd profile shifts between different experiments, Fig. 3.12a-d), particularly
at depths below 2,000 m, indicating that reversible scavenging is important, there, for
governing the simulated εNd signal of deep-water masses. We attribute this sensitivity
to the fact that the Atlantic Ocean experiences strong convection and is surrounded by
continental margins. As such, the basin is subject to substantial continental Nd inputs to
the upper layers of the ocean, and the shallow εNd signal is transferred to the ocean interior,
setting the unradiogenic deep ocean signature. Thus, a stronger reversible scavenging
efficiency is needed to trap regional εNd provenance signals locally.

Typical depth profiles from measurements in the sub-tropical North Atlantic show
contrasts in εNd that co-vary with the presence of major water masses (coloured circles in
Fig. 3.12a-b). Across all sensitivity experiments, there is relative consistency with depth
for the profile, here (e.g., Fig. 3.12b), ranging from -10 to -12 under increasing scavenging
efficiency, which acts to drive more localised unradiogenic signals. This simulated uniformity



3.3. RESULTS AND DISCUSSION 109

can be partly explained by the lack of abyssal AABW, which does not extend past 20°
N (Fig. 3.3). This insufficient AABW production and penetration into the Atlantic are
known limitations of FAMOUS (Dentith et al., 2019; Smith, 2012), although these biases
are reduced in our control compared to the previous studies (Sect. 3.2.2). Thus, the
seawater basin below the surface mixed layer comprises only North Atlantic water, and
in so doing, the model will not resolve the AABW signal inferred from measurements
at depth in higher latitudes. Shifts in εNd between the sensitivity studies in this region
therefore relate to reversible scavenging efficiency changing the εNd of NADW.

Higher up the water column, the more unradiogenic NADW seen in the seawater
measurements is conspicuously absent (note the εNd minima in subtropical North Atlantic
measurements ∼ 1, 000− 2, 000 m deep, Fig. 3.12a-b), even though we know NADW does
reside there in the model (see Fig. 3.3 for verification). We may relate this to the high
latitude North Atlantic εNd being too radiogenic to tag NADW with its characteristically
unradiogenic εNd signal, particularly around the mouth of the Labrador Sea (Fig. 3.10a-b).
This could be exacerbated by a dampening of the unradiogenic NADW εNd from a
relatively radiogenic seafloor benthic flux along the water flow path (Fig. 3.6). Consequently,
despite a close correlation to seawater εNd in the subtropics and lower-NADW (where
measurements of εNd are -12.4 and simulated is -12), upper-NADW end member εNd

is not sufficiently unradiogenic, even under the highest reversible scavenging efficiency
([Nd]p/[Nd]d = 0.006) where simulated εNd is -12 in comparison with seawater records
-13.2 (Lambelet et al., 2016).

In contrast, εNd in the Pacific Ocean is least sensitive to changes in [Nd]p/[Nd]d,
particularly below 500 m (Fig. 3.12e-f, h-i). Depth variability is greatest in the equatorial
Pacific, where εNd decreases from -2.5 at the surface to -5 at depth, but, overall, simulated
vertical εNd gradients are small in the Pacific, consistent with seawater measurements.
This is expected, due to the absence of major ocean convection and ventilation, meaning
the Pacific contains an older, more homogenised pool of water in comparison to the
Atlantic, and thus, water masses are far less distinct. This does make it possible for
reversible scavenging to convey a more localised surface signal into the interior of the
Pacific under a lower [Nd]p/[Nd]d than can be achieved in the Atlantic, because the
localised εNd signal does not get dispersed via convection as rapidly.

Our less sensitive response of Pacific εNd to reversible scavenging efficiency contrasts
with results from Rempfer et al. (2011), who found a greater response of Pacific εNd

(compared to the Atlantic). We attribute this difference primarily to the spatial variation
in the sediment Nd flux, which, in the study from 2011, is constrained to shallower
radiogenic continental sources with no external marine Nd source below 3,000 m. In
comparison, our deep seafloor wide sediment source governs simulated εNd distributions
in the intermediate-deep Pacific, due to its larger flux relative to that transported vertically
via particle scavenging and dissolution, or horizontally by the sluggish convection of the
Pacific.

On the whole, the relatively greater sensitivity of εNd in the surface Pacific, compared
with the deep Pacific, to the reversible scavenging efficiency produces a more radiogenic
signal closer to that of the radiogenic measurements. This is likely caused by the downward
transportation of radiogenic surface inputs to subsurface layers through scavenging. The
stronger response in the upper ocean layers is consistent with previous modelling (e.g. Gu
et al. 2019), and occurs due to the inherent presence of larger particle fluxes and therefore
greater influence of reversible scavenging here compared to the deeper ocean, where
particle dissolution acts to reduce particle concentrations and their associated scavenging
mechanisms. One further aspect to note, is that under a high sink ([Nd]p/[Nd]d = 0.006),
in some Pacific regions [Nd]d in the surface layers tends towards zero. This causes
numerical instabilities in modelled Nd ratios and thus, where [Nd]d < 0.2 pmol kg−1,
εNd is meaningless and so is masked-out from the results shown by Fig. 3.12, to avoid
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misinterpretation.

The simulated depth profile in all experiments in the Indian Ocean matches the
observed intermediate εNd signal of -8 between 500-2,000 m (Fig. 3.12m). However,
the more radiogenic εNd signal of -6 in the surface layers is not captured, nor the shift
in εNd below 2,000 m to more unradiogenic values reaching a minimum of -10.5 at
3,000 m, with all experiments simulating a relatively uniform εNd with depth. Under
higher reversible scavenging parameters for this depth profile (EXPT RS4-EXPT RS6 ),
the surface concentrations are too low (simulated [Nd]d = 3 pmol kg−1 and observed
[Nd]d = 8 pmol kg−1), indicating that the model is not fully resolving either the concentration
or the εNd from a surface flux here, and scavenging may be too intense at the surface.
In the deeper ocean (≈ 3,000 m), these simulations show the model represents the [Nd]d
profiles better, but is missing an unradiogenic exchange of εNd at depth, where there is
an insensitivity to reversible scavenging. This could point to an unradiogenic sediment
source or exchange that is misrepresented by the bulk sediment boundary conditions and
sediment source assumptions (e.g., our application of a global seafloor sediment source of
Nd irrespective of sedimentary characteristics).

Interestingly, apart from the Indian Ocean, a model configuration with more efficient
scavenging generally tends to produce results closest to the observational data (Table
3.4). In the Indian Ocean, seawater εNd distributions are subject to monsoon systems,
which facilitate the [seasonal] delivery of large riverine fluxes of Nd to seawater, for
example from the Ganges and Brahmaputra Delta (Gupta and Naqvi, 1984). Large
freshwater fluxes also deliver large amounts of freshly eroded and labile sediment to
the continental margins, which likely contribute significantly to governing marine εNd

distributions through boundary particle-seawater exchange processes.

In the Southern Ocean, simulations with [Nd]p/[Nd]d ≥ 0.003 broadly match the
general measured εNd at depths above 1,000 m (decreasing with depth from -7.8 at the
surface to -8.2 at 1,000 m). Below this, and down to 3,000 m, observed diversions in
εNd are not captured in any of the sensitivity experiments. This discrepancy can be
attributed to the simulation of quite homogenous AABW throughout the water column
in the region, which represents a physical bias of FAMOUS (Dentith et al., 2019; Smith,
2012). Specifically, in the Pacific sector of the Southern Ocean (Fig. 3.12j), the model
cannot resolve the measured unradiogenic spike at 1,500 m, which captures the distinct
presence of lower Circumpolar Deep Water (CDW, εNd = −8.4 ± 1.6: Lambelet et al.
2018) formed from mixing of Atlantic, Pacific and Indian sourced waters.

The main conclusion to be made regarding model sensitivity to varying the reversible
scavenging tuning parameter [Nd]p/[Nd]d, is that scavenging and removal via sedimentation
is necessary to balance the simulated input sources from dust, rivers and seafloor sediment,
and enables the scheme to reach equilibrium around reasonable Nd inventories. We find
that reversible scavenging is an important physical process that enhances the εNd gradient
between oceans by maintaining localised basinal εNd signals throughout the water column.
The strength of this process is particularly important for maintaining the simulated
unradiogenic εNd in the well ventilated North Atlantic Ocean, but less important for
the more stagnant modern Pacific Ocean.

Nonetheless, parameterising reversible scavenging efficiency alone cannot account for
the correct trends and magnitude within εNd gradients observed between basins and in
depth profiles. Currently, the scheme assumes that all particles reaching the seafloor via
reversible scavenging are buried in the sediment, and as such are decoupled from the
seafloor sediment source. A future evolution of the scheme could explore the dissolution
of authigenic sedimentary phases on the seafloor during diagenesis, to investigate how this
may influence the εNd distributions of the benthic flux. Moreover, our results demonstrate
the importance of further constraining other aspects of marine Nd cycling under a holistic
framework, including surface inputs from dust and river sources, sediment-seawater exchanges
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and the redistribution and mixing via physical ocean circulation which also governs global
[Nd]d and εNd distributions. Furthermore, we note that the scheme described here
may not be fully resolving the end member εNd of different water masses due to an
imperfect representation of the sources of Nd to seawater (i.e., the model boundary
conditions and strength of the source fluxes). Thus, in some instances, the scheme carries
inappropriate/dampened εNd signals, coupled alongside particular structural model biases
in the physical circulation (e.g., limited AABW intrusion in the North Atlantic), although
in the case of the latter point, we note that this is not a limitation of the presented scheme,
and that the implementation can be useful for identifying such physical biases.

3.3.2 Model sensitivity to Nd flux from the sediment (fsed)

The second tranche of sensitivity simulations tests the response of [Nd]d and εNd to
systematically varying the total Nd flux from the sediment (fsed), while all other parameters
were kept constant. In this experiment, Nd accumulates rapidly from the start of the
simulations (Fig. 3.13) and tapers off thereafter to varying degrees depending on the
rate of accumulation. For EXPT SED1 and EXPT SED2, the rate of increase in the Nd
inventory begins to reduce by 1,000 years, as these simulations, which have the smallest
sediment source (fsed), approach steady state. By year 2,000 the rate of Nd accumulation
in EXPT SED3 and EXPT SED4 reduces, and these simulations also reach steady state,
albeit above that of the target global inventory reference (4.2× 1012 g). By year 6,000 all
fsed sensitivity experiments have reached steady state (< 0.02 % change per 100 years).

Figure 3.13: Global Nd inventory (g) simulated with different values for the total sediment
flux tuning parameter (fsed) as indicated. Dashed line represents the estimated global
marine Nd inventory of 4.2× 1012 g from Tachikawa et al. (2003) used as an approximate
target for the simulations.

Table 3.5 summarises the final global mean marine Nd inventory and residence time
of the simulations, and reports their skill according to our global cost functions, MAE[Nd]

and MAEεNd
. Modifying the sediment flux while keeping the sink term [Nd]p/[Nd]d

constant returns a varied equilibrium Nd inventory across the suite of simulations (Fig.
3.13). However, without changing the scavenging efficiency (i.e. Nd sink), there is a more
moderate range of 40 years difference in the fsed simulations’ Nd residence time, consistent
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with the findings of Rempfer et al. (2011). In general, the relatively low scavenging
efficiency of all of the fsed sensitivity simulations ([Nd]p/[Nd]d = 0.003, see Sect. 3.3.1 for
context) yields long residence times greater than 1,000 years.

Table 3.5: Overview of simulations exploring model sensitivity to the total sediment Nd
flux tuning parameter (fsed). Displaying global mean absolute error (MAE) for [Nd]d and
εNd.

Simulation fsed
(×109

g yr−1)

[Nd]p
/[Nd]d

Total
Nd
flux
(×109

g yr−1)

Nd
inventory
(×1012 g)

Residence
time
(years)

MAE[Nd]

(n=3471)
% within
10 pmol
kg−1

MAEεNd

(n=2136)
% within 3
εNd -units

EXPT SED1 1.5 0.003 2.27 2.5 1110 10.71 53 2.71 60
EXPT SED2 3.0 0.003 3.77 3.89 1032 7.96 73 2.82 62
EXPT SED3 4.5 0.003 5.27 6.03 1145 10.13 58 2.88 57
EXPT SED4 6.0 0.003 6.77 7.79 1150 13.23 47 2.93 55

EXPT SED1, which has the lowest fsed and hence the lowest total Nd flux to the
ocean, returns the smallest total Nd inventory of 2.5×1012 g (only half the total estimated
by Tachikawa et al. 2003), but did well with εNd distributions, returning the lowest global
MAEεNd

. Conversely, EXPT SED4, which has the largest fsed, results in the greatest Nd
inventory (7.8 × 1012 g), producing both the worst MAE[Nd] and MAEεNd

.

Compared to varying the reversible scavenging efficiency, varying fsed drives relatively
discrete changes in Nd distributions, as demonstrated by the minor differences in MAEεNd

between sensitivity experiments. This makes sense, since varying fsed has no direct impact
on the relative distribution of 143Nd and 144Nd once it is in the water, it only acts to change
the fractional contribution from each specific Nd source, e.g. an enhanced fsed reduces the
fraction of total Nd flux coming from dust and rivers (which are inputs constrained to the
surface and point sources close to the continents), concentrating the flux across the global
seafloor, and vice versa. However, in all simulations, and consistent with previous studies,
the sediment Nd source to seawater remains the major source, and fsed would need to be
reduced much more to greatly influence MAEεNd.

Overall, from the simulations in this study EXPT SED2 demonstrates the most
appropriate skill at reaching the target Nd inventory (3.89 × 1012 g compared to the
4.2× 1012 g target). It returns the lowest MAE[Nd] because it achieves the most balanced
Nd source and sink terms, and although the simulation does not represent the lowest
MAEεNd

, the range across the fsed experiment is small (2.71 to 2.93; Table 3.5) and it
does simulate the highest percentage of simulated εNd within 3 εNd-units of measurements
(62%).

Altogether, simulated [Nd]d in EXPT SED2 matches the general observational data
trend of Nd concentration increasing with depth (Fig. 3.14), with good model-data
fit especially in the upper 1,000 m across all ocean basins (except the North Atlantic,
discussed below). However, in the deep layers of the North Pacific (below 3,000 m)
simulated [Nd]d is underestimated (36 pmol kg−1 compared to 50 pmol kg−1 from seawater
measurements). This underestimation of [Nd]d at depth can be explained by a combination
of having a seafloor sediment source at the lower end of our range (fsed is 3.0×109 g yr−1)
and slow release from reversible scavenging ([Nd]p/[Nd]d of 0.003; our experiments suggest
0.004 may be a more suitable efficiency to use, Sect 3.3.1), highlighting the importance of
both non-conservative processes in governing deep [Nd]d distributions, especially in the
deep North Pacific.
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Figure 3.14: Global volume-weighted distributions of [Nd]d (left) and εNd (right) in
simulation EXPT SED2 split into four different depth bins, (a-b) shallow (0-200 m), (c-d)
intermediate (200-1,000 m), (e-f) deep (1,000-3,000 m), and (g-h) deep abyssal ocean
(>3,000 m). Water column measurements from within each depth bin (Osborne et al.,
2017, 2015; GEOTRACES Intermediate Data Product Group, 2021) are superimposed as
filled circles using the same colour scale.

Moreover, the longer lifetime of simulated Nd in the EXPT SED2 ocean (1,032 years)
compared to that estimated by previous work (360-800 years; Gu et al. 2019; Rempfer et al.
2011; Siddall et al. 2008b; Tachikawa et al. 2003) means that Nd becomes well mixed in
the deep ocean (below 1,000 m), homogenising the εNd signal. This causes the observed
inter-basin gradients (a critical feature in the use of Nd as an ocean circulation tracer) to
become severely damped, particularly away from direct input of fresh reactive phases with
distinctive εNd (Robinson et al., 2021; Abbott et al., 2019). However, where including a
reduced sediment source (e.g. compared to EXPT SED3 and EXPT SED4 ) increases the
relative importance of dust and river inputs, such as in the shallow Atlantic (Lambelet
et al., 2016), simulated εNd matches unradiogenic measurements with reasonable skill.
Consistent with earlier studies (e.g., Arsouze et al. 2009; Jones et al. 2008), the largest
model-data disparities occur in the North and equatorial Pacific, where simulated εNd

is far too unradiogenic compared to the observational data, pointing to a number of
processes that may be better optimised in our Nd scheme. For example, a larger (and also
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more radiogenic) sediment source (i.e., greater fsed) may be needed, particularly around
shallow-intermediate marginal settings; a suggestion also supported by the too low [Nd]d.
Additionally, increased scavenging and a lower simulated residence time would improve
the representation of localised Nd isotope signatures.

Total Nd concentrations and isotopic distributions show different responses to varying
fsed. We find that [Nd]d is sensitive to fsed across all ocean basins (i.e., a wide divergence
in the depth profiles shown in Fig. 3.15), mostly at depths below 500 m where there is
no direct influence from river and dust inputs and the relatively large area of the deep
abyssal seafloor as an Nd interface becomes important (particularly with low reversible
scavenging).

Figure 3.15: Central panel (g) displays [Nd]d at the seafloor in simulation EXPT SED2
(100-year mean from the end of the run), with superimposed water column measurements
(Osborne et al., 2017, 2015; GEOTRACES Intermediate Data Product Group, 2021) from
≥ 3,000 m shown by filled coloured circles on the same colour scale. Surrounding panels
(a-f) and (h-m) display depth profiles of simulated (coloured lines, one per sensitivity
simulation with varied fsed) and measured (filled circles) [Nd]d. Larger shifts in the [Nd]d
between simulations highlight regions most sensitive to the magnitude of the seafloor
sediment source.

Typically, better model-data fit for [Nd]d depth-profiles is achieved under lower fsed
(1.5 × 109 to 3.0 × 109 g yr−1), and particularly in the Pacific, Indian and Southern
Ocean (Fig. 3.15). This indicates that under a relatively low reversible scavenging
parameter, a corresponding smaller flux of Nd from the sediment is needed to balance
the marine Nd budget, and by inference, a higher fsed would be more appropriate with
stronger reversible scavenging fluxes. Correspondingly, under high fsed and particularly
in the deeper interior of the ocean (below 3,000 m), simulated [Nd]d diverges to higher
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concentrations than measured due to too much Nd being sourced to the deep ocean from
the sediment. Additionally, in these high fsed scenarios, the strength of the sediment
source obscures horizontal seafloor [Nd]d gradients across basins (see the near-uniform
seafloor [Nd]d in Fig. 3.15g), masking the influence of reversible scavenging, which is
controlled by the location and dissolution of particle fields and is important for governing
[Nd]d patterns (Sect. 3.3.1). Rempfer et al. (2011) found the opposite. In their study,
doubling and halving fsed both resulted in well pronounced nutrient-like profiles of [Nd]d.
This highlights the impact of having a global sediment source unrestricted in depth (our
study) compared to limiting that flux to the upper 3,000 m (Rempfer et al., 2011) paired
with a more efficient reversible scavenging (Rempfer et al., 2011) that allows the biogenic
particle adsorption and desorption processes to dominate the deep-water distributions.

Similar to the reversible scavenging sensitivity experiment (Sec. 3.3.1), the largest
simulated offsets between simulated and measured [Nd]d under all fsed experiments occur
in the North Atlantic and sub-tropical Atlantic at depths above 1, 000 m, where, even
under the largest sediment fluxes, simulated [Nd]d is too low. The depth profile south of
Greenland (Fig. 3.15c) shows the greatest sensitivity to varying fsed in the upper 1, 000 m,
with EXPT SED4 ’s simulated surface concentrations of 10 pmol kg−1

(fsed = 6.0 × 109 g yr−1) being closest to the measured concentrations of 22 pmol kg−1.
By implication, the accurate representation of sediment fluxes is required to reproduce
upper ocean [Nd]d in this region, and an enhanced sediment flux alone cannot account
fully for the observed high surface concentrations. Either, a combination of the surface
and near-surface fluxes resolved here are too diluted in the model (possibly due to grid box
resolution), or the model is missing a significant surface/near-surface Nd source. Previous
schemes have likewise simulated too low surface [Nd]d in the North Atlantic, likely also
due to difficulties in representing highly localised and variable surface features in global
models (Gu et al., 2019; Rempfer et al., 2011).

Whereas [Nd]d is sensitive to fsed globally, the height of εNd sensitivity is more
regional (Fig. 3.16). The Atlantic, Indian and Southern Ocean εNd are significantly
more sensitive to changes in the bulk sediment seafloor Nd flux than the Pacific Ocean.
Overall, differences in fsed tend to drive whole depth profile shifts of low magnitude in
εNd, this contrasts the findings of Rempfer et al. (2011), who varied a margin constrained
fsed and reported deep water εNd (below 1,000 m) were affected less than in our results. If
this conflicting difference in deep ocean sensitivity to fsed is because of the applied spatial
distributions of a sediment Nd source to seawater (< 3,000 m for Rempfer et al. (2011),
all depths for us), then further constraints of sediment Nd fluxes across space and time
are crucial when interpreting ocean circulation from εNd. Interestingly, there is not a
linear/direct response of εNd to changing fsed. Broadly and globally, the largest fsed value
of 6.0× 109 g yr−1 (EXPT SED4 ) leads to more radiogenic εNd and an intermediate fsed
value of 3.0 × 109 g yr−1 (EXPT SED2 ) leads to the most unradiogenic εNd shift. The
largest response in εNd to changing fsed occurs with a sediment flux between 3.0×109 yr−1

and 4.5 × 109 g yr−1. Increasing the flux beyond this produces a very weak response,
indicating a threshold in εNd sensitivity that results from an already dominant sediment
source encompassing over 85% of the total Nd flux to seawater.
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Figure 3.16: Central panel (g) displays εNd at the seafloor in simulation EXPT SED2
(100-year mean from the end of the run), with superimposed water column measurements
(Osborne et al., 2017, 2015; GEOTRACES Intermediate Data Product Group, 2021) from
≥ 3,000 m shown by filled coloured circles on the same colour scale. Surrounding panels
(a-f) and (h-m) display depth profiles of simulated (coloured lines, one per sensitivity
simulation with varied fsed) and measured (filled circles) εNd. Larger shifts in the εNd

between simulations highlight regions most sensitive to the magnitude of the seafloor
sediment source.

Once again, the most notable εNd model-data mismatch occurs within the depth
profiles of the North Atlantic. Due to major rivers delivering a high [Nd] load to the
Atlantic (Fig. 3.5c), in their vicinity, simulations with low fsed are conditioned towards
riverine εNd, providing the typical unradiogenic εNd signature of NADW and demonstrating
the important balance between surface inputs and a sediment flux for simulating εNd

in the deep North Atlantic (Fig. 3.16a-d). Conversely, enhancing fsed increases the
fraction of Nd supplied to the ocean from the bulk seafloor sediment, which has more
uniform, intermediate εNd values in the central North Atlantic (-12.5) in contrast to
the more unradiogenic εNd signals of the continental margins and riverine source in the
Labrador (-28) and West Atlantic basins (-15.6), with localised near-surface marginal
sediment extreme minimums of (-34) in the northern Labrador Sea (Robinson et al., 2021).
Greater fsed thus acts to overprint and hence mix away the more distinct surface εNd

signal of NADW gained at their sites of deep-water formation in favour of a more general
intermediate εNd signal as it becomes exposed to Nd fluxes along its southward seafloor
flow path. Model-measurement disparity at the mouth of the Labrador Sea and south of
Greenland in all simulations at shallow and intermediate depths strongly suggests that
a specific fraction of the bulk sediment with more unradiogenic εNd than is captured by
Robinson et al. (2021) is interacting with seawater in place of the bulk sediment εNd signal
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(Fig. 3.17). This is further supported by recent core-top particle-seawater interaction
investigations of the region (Blaser et al., 2016). It therefore follows that either existing
seafloor sediment measurements do not characterise this region well, or a deep ocean
benthic flux, or at least, an indiscriminate whole-ocean floor flux, is neither reasonable nor
necessary (in fact, it is counterproductive) for providing accurate εNd tagging of Atlantic
seawater.

Figure 3.17: Volume-weighted distributions of εNd in simulation EXPT SED2 split into
two different depth bins, (a) shallow (0-200 m), and (b) intermediate (200-1,000 m) within
the North Atlantic and Labrador Sea basins. Water column measurements from within
each depth bin (Osborne et al., 2017, 2015; GEOTRACES Intermediate Data Product
Group, 2021) are superimposed as filled circles on the same colour scale.

In contrast to the Atlantic, Pacific Ocean εNd is the least sensitive to varying fsed
(Fig. 3.16e-f, h-i). Characteristically, the Pacific encompasses vast open ocean oligotrophic
expanses with low biogenic particle export, in tandem with smaller relative dust and river
sources, which means the seafloor sediment source already dominates the simulated Nd
fluxes and distributions, even under lower sediment fluxes. Furthermore, the bulk detrital
εNd (-8) released from the seafloor sediment in the Northwest Pacific (Fig. 3.6) is the
same as the signal from the dust flux off the Asian continent, which contributes significant
terrigenous material to the seafloor here (Nakai et al., 1993; Han et al., 2011), which makes
it hard to distinguish between these two sources. In the North Pacific, the simulations with
higher fsed match the observed [Nd]d better than those with lower fsed (Fig. 3.15), but
the εNd signal from the bulk seafloor sediment cannot explain the radiogenic εNd observed
here (Fig. 3.16), and so the model likely is not fully capturing the correct source (or the
prescribed boundary condition is not correctly representing the distribution and fraction of
the sediment phase contributing to the sediment flux) of Nd to seawater. Consistent with
previous literature, the greatest imbalances in the Nd isotope budget occur in the reservoirs
of the vast deep Pacific (Jones et al., 2008). This could imply that a ‘reactivity weighted’
sedimentary flux is most important for the deep North Pacific compared with other basins,
providing evidence to support the preferential dissolution of reactive Nd sediment phases
in the Pacific under a model of marine Nd cycling dominated by a seafloor sediment source.

To conclude, we surmise that a sediment-seawater flux represents a key major source
of [Nd]d that is particularly fundamental to the intermediate and deep ocean Nd budgets,
and as such plays an important role in governing marine Nd cycling. Notably, we find
that εNd is much less sensitive than [Nd]d to changing the rate of this flux (fsed), and a
high fsed coupled with a weak reversible scavenging cannot account for [Nd]d gradients of
increasing concentration along the thermohaline circulation in the deep ocean. Indeed, a
strong sediment source pushes the ocean towards a more globally uniform and too high
[Nd]d than measurements from the deep ocean suggest. This could be interpreted as
evidence against a ‘bottom up’ model (Haley et al., 2017) with constant benthic flux
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across the whole seafloor in favour of the more distinct [Nd]d distributions that may be
achieved under a ‘top-down’ driven model with greater dominance of reversible scavenging.
As such, although a benthic flux can represent the depth profiles of linearly increasing
[Nd]d with depth, reversible scavenging is necessary and should not be considered a
secondary process in controlling the global thermohaline variations in deep water [Nd]d.
Nonetheless, we acknowledge that employing a more horizontally nuanced benthic flux tied
to local environmental and sedimentary conditions may introduce more spatial patterning
in simulated [Nd]d, reducing the importance of the reversible scavenging terms.

Certainly, these sensitivity simulations demonstrate openly that the bulk εNd of
seafloor detrital sediment (Robinson et al., 2021) cannot be considered fully representative
of the εNd composition of the sediment that is interacting with seawater in all instances.
They highlight the need for observational and experimental quantification of the broad
mobile Nd phases globally, and their εNd signal, as well as constraints on the spatial
distribution of such a benthic flux (e.g., identifying where and under what environmental
conditions a benthic flux occurs, and at what strength). The model’s response to fsed sets
the stage for further testing of global sedimentary εNd on marine Nd cycling, providing
the foundation for resolving the inherent complex multitude of processes.

3.4 Summary and Conclusions

In this study, we describe the implementation of Nd isotopes (143Nd and 144Nd) into
the ocean component of the FAMOUS GCM, providing a powerful tool designed for
comprehensively exploring global marine Nd cycling, especially through representing explicit
non-conservative processes to explore the extent of their influence on global seawater Nd
distributions. We present a new reference equilibrium pre-industrial simulation (XPDAA)
with appropriate basin scale physical ocean circulation performance relative to a standard
version (XFHCC; Smith 2012), though we note that for this study it was not important
to evaluate the performance of the surface climate. Our Nd isotope scheme starts from
previous Nd isotope implementations (Rempfer et al., 2011; Gu et al., 2019; Pöppelmeier
et al., 2020a; Arsouze et al., 2009; Siddall et al., 2008b), but revisits and updates Nd
sources, sinks and tracer transformation in line with increased observations and recent
findings relating to global marine Nd cycling. Our model represents the main features of
[Nd] and εNd well, although there is a tendency to simulate an over-pronounced vertical
[Nd] gradient, and to produce a too unradiogenic εNd signal in the Pacific.

The presented sensitivity experiments demonstrate that the Nd isotope scheme in the
FAMOUS GCM is sensitive to Nd source and biogeochemical processes. Model sensitivity
to reversible scavenging efficiency demonstrates its importance for determining the increase
in Nd concentration with depth and along the circulation pathway. Moreover, reversible
scavenging acts to homogenise εNd vertically in the water column, enhancing regional
basinal gradients in simulated εNd by maintaining the localised provenance signal. On
the other hand, a seafloor benthic flux, a term referring to a multitude of processes
encompassing boundary exchange (Lacan and Jeandel, 2005a), submarine groundwater
discharge (Johannesson and Burdige, 2007), and a benthic flux released from pore waters
(Abbott et al., 2015a), presents a major deep ocean source of Nd, the magnitude of which
governs horizonal seafloor Nd concentrations across ocean basins. The weak sensitivity
of simulated εNd in the deep North Pacific implies that with a seafloor-wide benthic flux
of marine Nd, the εNd of the sediment flux, as captured by the bulk εNd, is not a true
representation in all instances of the labile sediment phase interacting with seawater in
this basin. Alternatively, it may also indicate that there is a significant missing source of
radiogenic Nd to seawater, likely of volcanic origin; or possibly a combination of both
explanations. Furthermore, model-data mismatch at the mouth of the Labrador Sea
suggests that the labile sediment Nd phases interacting with seawater in the northern
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North Atlantic are considerably more unradiogenic than captured by the bulk sediment.

Exploring in detail the behaviour of simulated [Nd]d and εNd distributions also highlighted
some of the structural limitations of the model (e.g., difficulties representing highly localised
and surface features) and influential biases in the physical ocean circulation (e.g., limited
northward intrusion of AABW in the North Atlantic). These results provide the groundwork
for a future comprehensive optimisation of the marine Nd isotope scheme in FAMOUS.
In the first instance, we suggest calibration of the key tuning parameters ([Nd]p/[Nd]d
and fsed) to achieve target Nd inventories and residence times. Additionally, it would
be beneficial to obtain additional observational constraints on the broad labile sediment
εNd interacting with seawater across different seafloor regions, including constraining the
exchange between authigenic and detrital sediment phases during early diagenesis. This
would improve the boundary conditions we can feed into the model, giving it the best
chance to simulate Nd distributions accurately and making the interpretation of model
performance (and thus also of the relative importance of different sources and sinks)
more straightforward. Future sensitivity studies could also focus on the influence of river
particulate and continental marginal sources on marine Nd in order to provide further
insight to (and possibly constrain) the relative importance of these inputs, as opposed to
a predominantly benthic seafloor-wide source.

Implementing Nd isotopes in a fast GCM provides a useful tool for exploring model-scheme
sensitivities and uncertain marine biogeochemical processes. This framework allows for
performing the long integrations necessary to spin-up ocean physics and biogeochemistry,
which can be simulated for multiple time periods (e.g. in palaeo studies) in equilibrium
(i.e. with fixed forcing, Haywood et al., 2016; Lunt et al., 2017) and transient (i.e. with
temporally evolving forcing, e.g. Ivanovic et al. 2016; Menviel et al. 2019) scenarios.
Alternatively, or in addition, large ensembles of simulations can be run for [re]calibrating
(i.e., ‘tuning’) the model or quantifying uncertainty in the inputs (boundary conditions,
parameter values etc.). In this way, it becomes possible to build on new knowledge gained
by running the scheme – such as the identification of physical ocean biases – to improve
the model and refine what we know about the respective sources and sinks of Nd in the
ocean (e.g. the strength and isotopic composition of seafloor fluxes). Furthermore, the
sophisticated, complex model physics in FAMOUS and intrinsic coupling of the ocean
GCM to an atmosphere GCM and dynamic ice sheet model enables the oceanographic
changes and how these may manifest in Nd distributions to be examined in conjunction
with associated atmospheric and cryospheric changes, including the feedbacks between the
different Earth system components.

This new model scheme can aid in the delivery of more robust applications of εNd as
a modern and palaeo-tracer. It provides a platform for dynamic modelling under different
modes of marine Nd cycling (e.g., the balancing of ‘top down’ versus ‘bottom up’ fluxes)
or varied climatic and oceanographic conditions, enabling current hypotheses to be tested
rigorously with the aim of constraining Nd cycling under a complex, partially understood
marine geochemical system.

3.5 Supplementary Information

The code detailing the advances is available via the Research Data Leeds Repository
(https://doi.org/10.5518/1136). These files are known as code modification (i.e.
‘mod’) files and should be applied to the original model code, which is protected under UK
Crown Copyright and can be obtained from the National Centre for Atmospheric Science
(NCAS) Computational Modelling Services (CMS): https://cms.ncas.ac.uk/. All the
files and corresponding information that need to be applied to setup the differences between
the simulations are available in the same DOI (above) (note that to complete the setup
of these simulations, line 4909 in each simulation’s tracer.f file needs updating with the

https://doi.org/10.5518/1136
https://cms.ncas.ac.uk/
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corresponding [Nd]p/[Nd]d value as listed in Table 3.3). Historical modification files that
were used when running the simulations described in this chapter, alongside all simulation
files are available in Appendix A of this thesis. The database of seawater Nd concentration
and isotope measurements and references used to validate the model scheme can also be
found in Appendix A.

Control candidate simulations for new FAMOUS reference

- XPDAA control simulation (0-5,000 years)

- XPDAB control candidate simulation (0-5,000 years)

- XPDAC control candidate simulation (0-5,000 years)

- XPDEA control candidate simulation (0-5,000 years)

Reversible scavenging efficiency ([Nd]p/[Nd]d) sensitivity simulations

- XPDAI [Nd]p/[Nd]d = 0.001 (0-9,000 years)

- XPDAD [Nd]p/[Nd]d = 0.002 (0-9,000 years)

- XPDAH [Nd]p/[Nd]d = 0.003 (0-9,000 years)

- XPDAE [Nd]p/[Nd]d = 0.004 (0-9,000 years)

- XPDAF [Nd]p/[Nd]d = 0.005 (0-9,000 years)

- XPDAG [Nd]p/[Nd]d = 0.006 (0-9,000 years)

Total Nd source from sediment (fsed) sensitivity simulations

- XPDAL fsed = 1.5 × 109 g yr−1 (0-9,000 years)

- XPDAM fsed = 3.0 × 109 g yr−1 (0-9,000 years)

- XPDAH fsed = 4.5 × 109 g yr−1 (0-9,000 years)

- XPDAN fsed = 6.0 × 109 g yr−1 (0-9,000 years)

Text S3.1: FAMOUS pre-industrial perturbed parameter ensemble

The perturbed parameter ensemble from which we selected our control simulation for
this study, forms a substantially different piece of research to the present chapter. Since
the detail of the ensemble work is not required to understand the implementation described
here, the calibration work (method and results) is not described in detail here. However, it
is useful to have some of the information, so briefly: the pre-industrial perturbed parameter
ensemble was constructed by varying 13 physical tuning parameters according to a Latin
hypercube sampling design (e.g. Table 3.6), building on the work by Gregoire et al.
(2011) to produce a total of 549 simulations. It stems from the XFHCC 1-sweep version
of FAMOUS, with an added Rayleigh friction on the winds and was performed using the
Met Office Surface Exchange Scheme (MOSES) version 1. The Hadley Ocean Carbon
Cycle module (HadOCC) is not included and a salinity flux correction was applied to
remove long-term drifts using the VFLUX method described by Dentith et al. (2019).
The details for all simulations in the ensemble are available from www.paleo.bris.ac.uk.
In Sect. 3.2.2 of the main text, we present and evaluate the relevant (for this study)
oceanic features of a small sub-selection of ensemble members; these simulations were
identified as appropriate for use in our Nd implementation based on the criteria outlined
there. We did not undertake any further validation of ensemble performance.

www.paleo.bris.ac.uk
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Table 3.6: Description of parameters varied in FAMOUS pre-industrial perturbed
parameter ensemble

Parameter(s) Description

AHI1 SI, AHI2 SI,
AHI3 SI

Coefficients for isopycnic diffusion, allowing it to vary with
depth

CDNR Factor of multiplication for the bulk aerodynamic coefficient
for heat

CHNR Factor of multiplication for the bulk aerodynamic coefficient
for momentum

FNUB SI Constant used in calculating Richardson number dependent
viscosity

KAPPA0 SI Vertical diffusivity at surface
DKAPPA DZ SI Vertical diffusivity rate of increase
RHcrit The threshold of relative humidity for cloud formation

(Smith, 1990)
Z0FSEA The free convective roughness length over the sea for

boundary layer processes (Smith, 1993)
Cw Sea The threshold value of cloud liquid water for formation of

precipitation (Smith, 1990). Value of this parameter over
the ocean

Cw Land The threshold value of cloud liquid water for formation of
precipitation (Smith, 1990). Value of this parameter over
the land

AlphaM Sea ice low albedo (Crossley and Roberts, 1995)
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Table 3.7: Simulation description, initial conditions, and tuned parameter values for the control candidate simulations (Sect 3.2.2 main text) from the
FAMOUS pre-industrial perturbed parameter ensemble
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xpdaa ee14s2r 250 5000 280 760 270 0 9566.9 4.26E+03 316.12 4.78 1.23 3.08E-06 1.92E-05 6.76E-08 6.36E-01 3.90E-04 3.89E-05 7.29E-04 0.22
xpdab ee14s2r 250 5000 280 760 270 0 2840.3 2.58E+04 611.32 3.65 1.01 1.71E-06 1.90E-05 6.52E-09 8.27E-01 4.72E-04 3.31E-04 1.04E-03 0.4
xpdac ee14s2r 250 5000 280 760 270 0 832.28 4.20E+04 1546.1 3.07 0.97 1.10E-06 1.26E-05 1.64E-08 8.16E-01 7.76E-04 3.37E-04 6.22E-04 4.55
xpdea ee14s2r 420 5000 280 760 270 0 310.2 1.28E+04 316.12 5.62 0.91 3.1E-06 1.07E-05 6.76E-08 6.93E-01 8.72E-04 9.78E-05 4.11E-04 0.24

Table 3.8: Global average biogenic particle concentrations
Global average particle concentration (kg m−3)

this study (Rempfer et al., 2011) Gu et al. (2019)

POC 3.00 × 10−6 3.30 × 10−6 2.66 × 10−6

CaCO3 6.43 × 10−6 1.60 × 10−6 9.53 × 10−6

Opal 5.33 × 10−6 5.90 × 10−6 8.30 × 10−6

Dust 1.78 × 10−6 1.30 × 10−6 1.23 × 10−6
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Figure 3.18: (a) Zonally integrated mean Atlantic Ocean stream function, (b) maximum
annual Atlantic Meridional streamfunction, and (c) mean depth of mixed layer, all for the
FAMOUS control-candidate reference simulation XPDAA. Climate means (a and b) are
calculated from the last 10 years of the initial 300-year integration.

Figure 3.19: (a) Zonally integrated mean Atlantic Ocean stream function, (b) maximum
annual Atlantic Meridional streamfunction, and (c) mean depth of mixed layer, all for the
FAMOUS control-candidate reference simulation XPDAB. Climate means (a and b) are
calculated from the last 10 years of the initial 300-year integration

Figure 3.20: (a) Zonally integrated mean Atlantic Ocean stream function, (b) maximum
annual Atlantic Meridional streamfunction, and (c) mean depth of mixed layer, all for the
FAMOUS control-candidate reference simulation XPDAC. Climate means (a and b) are
calculated from the last 10 years of the initial 300-year integration
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Figure 3.21: (a) Zonally integrated mean Atlantic Ocean stream function, (b) maximum
annual Atlantic Meridional streamfunction, and (c) mean depth of mixed layer, all for the
FAMOUS control-candidate reference simulation XPDEA. Climate means (a and b) are
calculated from the last 10 years of the initial 300-year integration

Figure 3.22: Difference in salinity (PSU) from the NOAA World Ocean Atlas database
(Locarnini et al., 2018; Zweng et al., 2019) and the FAMOUS control simulation XPDAA
(centennial mean from final 100 years of a 5000-year simulation) along a transect crossing
the Pacific-Southern-Atlantic Ocean; NOAA data minus control.

Figure 3.23: Difference in temperature ( ◦C) from the NOAA World Ocean Atlas database
(Locarnini et al., 2018; Zweng et al., 2019) and the FAMOUS control simulation XPDAA
(centennial mean from final 100 years of a 5000-year simulation) along a transect crossing
the Pacific-Southern-Atlantic Ocean; NOAA data minus control.
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Figure 3.24: Basin averaged [Nd]d and εNd profiles with depth in simulations (a-b)
EXPT RS4 and (c-d) EXPT SED2 respectively. Ocean regions in subplots: (left panel)
North and South Atlantic and (right panel) North and South Pacific and Southern Ocean.
The mean and standard deviation of modern seawater measurements (Osborne et al.,
2017, 2015; GEOTRACES Intermediate Data Product Group, 2021) are calculated for
each vertical grid level and represented by the thinner dashed lines and error bars. The
mean and standard deviation of the model are represented by the thicker solid line and
lighter coloured ribbon.
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Figure 3.25: Vertical sections of simulated (a) [Nd]d and (b) εNd in simulation EXPT RS4
along a transect from the Pacific to Atlantic, traversing the Southern Ocean from West to
East. Water column measurements are imposed as filled circles using the same colour scale.
Simulated and observed values from the Pacific are from 150 − 160◦ W, in the Southern
Ocean values are from 55 − 65◦ S, and in the Atlantic values are from 20 − 30◦ W.

Figure 3.26: Vertical sections of simulated (a) [Nd]d and (b) εNd in simulation
EXPT SED2 along a transect from the Pacific to Atlantic, traversing the Southern Ocean
from West to East. Water column measurements are imposed as filled circles using the
same colour scale. Simulated and observed values from the Pacific are from 150−160◦ W,
in the Southern Ocean values are from 55 − 65◦ S, and in the Atlantic values are from
20 − 30◦ W.



Chapter 4

Optimisation of the Nd isotope
scheme in the ocean component of
the FAMOUS general circulation
model

Abstract

The neodymium (Nd) isotope composition (εNd) of seawater can be used to trace large-scale
ocean circulation features. Yet, due to the elusive nature of marine Nd cycling, particularly
in discerning non-conservative particle-seawater interactions, there remains considerable
uncertainty surrounding a complete description of marine Nd budgets. Here, we present an
optimisation of the Nd isotope scheme within the fast coupled atmosphere-ocean general
circulation model (FAMOUS), using a statistical emulator to explore the parametric
uncertainty and optimal combinations of three key model inputs relating to: (1) the
efficiency of reversible scavenging, (2) the magnitude of the seafloor benthic flux, and (3) a
riverine source scaling, accounting for release of Nd from river sourced particulate material.
Furthermore, a suite of sensitivity tests provide insight on the regional mobilisation and
spatial extent (i.e., testing a margin-constrained versus a seafloor-wide benthic flux) of
certain reactive sediment components. In the calibrated scheme, the global marine Nd
inventory totals 4.27 × 1012 g and has a mean residence time of 727 years. Atlantic
Nd isotope distributions are represented well, and the weak sensitivity of North Atlantic
Deep Water to highly unradiogenic sedimentary sources implies an abyssal benthic flux
is of secondary importance in determining the water mass εNd properties under the
modern vigorous circulation condition. On the other hand, Nd isotope distributions in
the North Pacific are 3 to 4 εNd-units too unradiogenic compared to water measurements,
and our simulations indicate that a spatially uniform flux of bulk sediment εNd does
not sufficiently capture the mobile sediment components interacting with seawater. Our
results of sensitivity tests suggest that there are distinct regional differences in how modern
seawater acquires its εNd signal, in part relating to the complex interplay of Nd addition
and water advection.

4.1 Introduction

Neodymium (Nd) isotope variations in modern seawater broadly correlate with water
mass provenance, geometry and mixing (Tachikawa et al., 2017; Goldstein and Hemming,
2003). This has resulted in the exploitation of Nd isotopes as a geochemical tracer of
ocean circulation in the past and present (e.g. Lambelet et al. 2016; Lacan and Jeandel
2005a; Lippold et al. 2016; Piotrowski et al. 2012; van de Flierdt et al. 2010; Frank 2002;
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Gutjahr et al. 2008; Piotrowski et al. 2004; Roberts et al. 2010; Howe et al. 2017; Basak
et al. 2015; Dausmann et al. 2017; Hu and Piotrowski 2018; Jonkers et al. 2015; Wilson
et al. 2015; Xie et al. 2014; Pöppelmeier et al. 2020b, 2022; Blaser et al. 2019b; Goldstein
and Hemming 2003). With specific regard to the radiogenic properties of this rare earth
element, its isotope composition is typically expressed in epsilon (εNd) units, where
εNd = [(143Nd/144Nd)sample/(143Nd/144Nd)CHUR − 1] × 104, thus describing the parts

per 10,000 deviation of a sample from the chondritic uniform reservoir (CHUR) (Jacobsen
and Wasserburg, 1980). Owing to somewhat poorly constrained input and output fluxes,
the estimated mean ocean residence time of Nd ranges between 360-800 years (Arsouze
et al., 2009; Rempfer et al., 2011; Gu et al., 2019; Pöppelmeier et al., 2020a), which is
less than the global thermohaline overturning circulation time (i.e., < 1,500 years). The
measured Nd isotope composition of seawater is not actively involved in marine biological
cycling (Blaser et al., 2019b).

Neodymium enters the ocean in dissolved and particulate phases through continental
weathering via rivers and aeolian dust deposition (Frank, 2002; Goldstein and Hemming,
2003; Grousset et al., 1998; Rousseau et al., 2015; Goldstein and Jacobsen, 1987, 1988;
Rahlf et al., 2020, 2021), alongside particle-seawater exchange occurring along the
sediment-water boundary (Abbott et al., 2015b,a, 2019; Jeandel and Oelkers, 2015; Pearce
et al., 2013; Arsouze et al., 2009; Rempfer et al., 2011; Lacan and Jeandel, 2005a; Tachikawa
et al., 2003; Johannesson and Burdige, 2007; Haley et al., 2017; Grenier et al., 2013).
Removal of Nd from the water column occurs via sedimentation and complexation, and
incorporation into authigenic ferromanganese oxides (Bayon et al., 2004; Du et al., 2016).

Relating to the inherent spatial heterogeneity in crustal εNd, which is broadly governed
by its age and composition, seawater becomes ‘tagged’ with a unique εNd signature derived
from weathering of the proximal continents and hence tracks water mass provenance
(Goldstein and Hemming, 2003; Robinson et al., 2021). Seawater εNd is then redistributed
throughout the ocean interior by advection and mixing, alongside particle cycling (see
Tachikawa et al. 2017; van de Flierdt et al. 2016 for reviews). In the modern ocean, the
εNd signature of intermediate and abyssal waters display mostly conservative behaviour,
co-varying with salinity in the Atlantic (Tachikawa et al., 2017; Goldstein and Hemming,
2003). The North Atlantic basin is surrounded by old, unradiogenic continental cratons,
yielding unradiogenic εNd values for North Atlantic Deep Water (NADW) of around -13
(Lambelet et al., 2016). In contrast, the North Pacific seawater εNd is more radiogenic
with values between -4 and -2 (Amakawa et al., 2009; Fuhr et al., 2021; Behrens et al.,
2018; Fröllje et al., 2016) due to proximate mantle derived volcanic material. Antarctic
circumpolar waters have intermediate εNd values of around -8.5 (Stichel et al., 2012;
Lambelet et al., 2018). These distinct water mass εNd features form the basis for using
the marine Nd cycle as a tool to explore the global circulation. Furthermore, the εNd

of bottom water can be extracted from marine archives facilitating palaeoceanographic
investigations (e.g., Blaser et al. 2016; Martin and Scher 2004; Piotrowski et al. 2004;
Roberts et al. 2010).

Intriguingly, in contrast to εNd (i.e., the Nd paradox; Goldstein and Hemming 2003),
which is largely governed by water mass mixing, dissolved Nd concentrations ([Nd]d)
deviate significantly from conservative behaviour (e.g., Zheng et al. 2016), generally increasing
linearly with depth and along the circulation pathway (i.e., with ventilation age) (van de
Flierdt et al., 2016). Internal vertical cycling via reversible scavenging is thought to play an
important role in modulating the distribution of Nd, where adsorption/incorporation and
desorption/dissolution of Nd occurs on sinking and remineralising particles throughout
the water column (Siddall et al., 2008b; Bacon and Anderson, 1982; Stichel et al., 2020).
Alternatively, a widespread benthic diffuse Nd flux was suggested to explain the Nd
concentration and isotope decoupling (Haley et al., 2017; Abbott et al., 2015b). However,
observational data to confirm both processes are rare (e.g. Abbott et al. 2019, 2015b;
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Paffrath et al. 2021; Stichel et al. 2020), which limits a full quantification.

Moreover, whilst εNd appears to trace large-scale ocean circulation features and water
masses effectively, the specific geochemical processes governing its distribution remain
elusive (Abbott et al., 2019). Despite over four decades of research, significant gaps in
the understanding of the oceanic cycling of Nd persist, and mostly relate to quantifying
the major input pathways into, and subsequent internal cycling of Nd within the ocean
(e.g., Haley et al. 2017; Tachikawa et al. 2017; van de Flierdt et al. 2016; Abbott et al.
2022; Jeandel 2016). For example, we are still missing a comprehensive estimate of a
particulate riverine flux as a major marine Nd source (Rousseau et al., 2015; Rahlf et al.,
2021), constraints on reversible scavenging processes and its efficiency throughout the
water column (Siddall et al., 2008b; Stichel et al., 2020; Paffrath et al., 2021; Haley
et al., 2021), and a quantification of the diffusive benthic flux to seawater (Abbott et al.,
2015a). Furthermore, the environmental conditions driving the extent and spatiotemporal
variability of various elusive seafloor particle-seawater interactions remain unknown (Tachikawa
et al., 2017; Abbott et al., 2015a, 2019, 2016a; Du et al., 2016; Lagarde et al., 2020; Lacan
and Jeandel, 2005b; Jeandel, 2016). The last point includes the absence of an established
quantification of both the spatial extent and the broad mobile sedimentary εNd phases
interacting with seawater or marine Nd archives across the seabed, and specifically across
remote and abyssal ocean regions (Robinson et al., 2021).

In an attempt to address such knowledge gaps, the international GEOTRACES programme
has substantially increased modern measurements of both seawater [Nd]d and εNd (van de
Flierdt et al., 2012; GEOTRACES Intermediate Data Product Group, 2021), improving
our understanding of the water column processes that govern marine Nd distributions (e.g.,
Basak et al. 2015; Haley et al. 2021; Lambelet et al. 2018; Paffrath et al. 2021; Rahlf et al.
2020; Wang et al. 2021). However, recent investigations and results from GEOTRACES
have also alluded to some inconsistencies of localised highly non-conservative behaviour,
which challenge the simplified conservative assumptions of marine εNd (Tachikawa et al.,
2017; Haley et al., 2017; Abbott et al., 2015b, 2019; Wang et al., 2021). Furthermore,
due to the inherent challenges of directly measuring fluxes that are both temporally and
environmentally variable and globally widespread, there remain limited process-based
observations, which are necessary to both compliment the seawater measurements and
capture fully the marine geochemical cycling of Nd (Homoky et al., 2016).

Numerical models of the marine Nd cycle offer a unique means by which to constrain
Nd budgets, providing quantitative constraints on physical processes, and can be applied to
investigate specific hypotheses regarding the mechanisms driving seawater εNd distributions
(Tachikawa et al., 2003; Arsouze et al., 2009; Rempfer et al., 2011; Gu et al., 2019;
Pöppelmeier et al., 2020a, 2022; Siddall et al., 2008b; Bertram and Elderfield, 1993;
Arsouze et al., 2007; Rempfer et al., 2011; Oka et al., 2021). As such, these models
have formed a vital tool for improving the utility and interpretative framework for εNd as
a modern and palaeoceanographic tracer.

Neodymium isotopes have been implemented into numerical models with a trend of
ever increasing complexity, primarily in terms of the type of model used, with a shift from
fast and ‘simple-to-use’ box-models (Bertram and Elderfield, 1993; Tachikawa et al., 2003)
to full complexity ocean general circulation models (GCMs) (Arsouze et al. 2009; Rempfer
et al. 2011; Gu et al. 2019; Pöppelmeier et al. 2020a, 2022; Robinson et al. 2022a). The
latter of these model groupings has the advantage of improved spatial resolution, ability
to represent more physical processes and more dynamically consistent ocean circulation
fields (Flato et al., 2013), but at the cost of computational efficiency. Further complexity
in numerical Nd isotope schemes has been achieved in terms of increasingly detailed
descriptions of marine Nd cycling, with preliminary schemes representing εNd in simple
conservative mixing models applying crude surface boundary conditions (Bertram and
Elderfield, 1993; Tachikawa et al., 2003; van de Flierdt et al., 2004). The most recent Nd
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implementations in complex models simulate both 143Nd and 144Nd isotopes individually,
allowing for simultaneous representation of both [Nd]d and εNd and enabling a more
detailed explicit representation of the major sources, sinks and cycling of marine εNd and
its sensitivity to physical ocean circulation (Arsouze et al. 2009; Rempfer et al. 2011;
Gu et al. 2019; Robinson et al. 2022a). Although these represent the most up-to-date
knowledge of the marine Nd cycle, such models remain confounded by inherent structural
and parametric uncertainty, including uncertainty in either observation or process-based
metrics, alongside errors introduced within simplified representations of fundamental physics
(i.e., ‘parameterisations’).

Full complexity Nd isotope enabled ocean models therefore rely on adjustable parameter
values to capture the dominant geochemical dynamics of a complex system, and we may
optimise these inputs to find the model configuration that most appropriately captures
the observed process. The demand for higher computational power necessitated by the
increasing sophistication and complexity of Nd isotope schemes has meant only a handful of
studies performed optimisation for their input parameters within their relevant host ocean
GCM models (e.g. in the ocean components of the Bern3D model; Pöppelmeier et al.
2020b; Rempfer et al. 2011 and CESM1; Gu et al. 2019), especially since they require
multi-millennial integrations to reach equilibrium. The schemes for which Nd cycling
has been optimised faced a compounding problem for escalating computational demand
by applying resource intensive systematic tuning (i.e., running over 100 simulations),
using suboptimal space filling design methodologies that may also lead to inefficient
exploration of the input space. In addition, some of these models were restricted by
previous assumptions regarding the dominating processes involved in the marine Nd cycle,
which limited the development of appropriate model boundary conditions – notably here,
an assumption that particle-seawater interaction is constrained to shallow continental
margins (called into question by studies by Abbott et al. 2015b, 2019; Haley et al. 2017).

In this study, we tackle these issues head-on, defining a new approach for efficiently
refining a recent implementation of Nd isotopes in the ocean component of the Fast Met
Office and UK universities Simulator (FAMOUS) GCM (Robinson et al., 2022a). The
scheme revisited and updated Nd sources, sinks and transformation of the tracer in line
with increased observations and current findings relating to global marine Nd cycling
(Blanchet, 2019; Robinson et al., 2021; Haley et al., 2017; Siddall et al., 2008b; Arsouze
et al., 2009), and has been validated against global measurements of seawater [Nd]d
and εNd (Osborne et al., 2015, 2017; GEOTRACES Intermediate Data Product Group,
2021), substantiating that the major processes influencing the global marine Nd cycle are
represented in the model. Here, we first assess and reduce the uncertainty within the input
space of three key unconstrained parameters detailing major non-conservative processes
within the global marine Nd cycle in a Bayesian framework (Sect. 4.2). We then present
an optimised reference simulation (Sect. 4.3), considered as ‘suitable’ from within the
parameter space that satisfies physical reasoning in the context of what we know about
Nd cycling, selected by minimising an objective loss function relating to model skill in
reproducing modern measurements of both [Nd]d and εNd. Subsequently, we undertake
idealised sensitivity studies with this optimised reference simulation (Sect. 4.4), using a
quasi-idealised experiment design to broadly investigate the preferential mobilisation of
certain reactive sediment components under a seafloor-wide benthic flux model of marine
Nd cycling. Finally, (Sect. 4.5), we investigate the sensitivity of marine εNd distributions
between a margin-constrained versus a seafloor-wide benthic flux.
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4.2 Methods

4.2.1 Model description

Neodymium isotopes (143Nd and 144Nd) have been fully implemented into the ocean
component of the FAMOUS coupled atmosphere-ocean GCM, representing three global
sources of Nd to seawater: aeolian dust fluxes, riverine sources and dissolution of marine
sediment (i.e., benthic flux), and internal cycling and sedimentation processes via reversible
scavenging (Robinson et al., 2022a). The FAMOUS GCM (Smith et al., 2008; Jones et al.,
2005; Smith, 2012; Jones et al., 2008) is derived from the Met Office’s Hadley Centre
Coupled Model V3 (HadCM3) AOGCM (Gordon et al., 2000). In brief, the atmospheric
model of FAMOUS is based on quasi-hydrostatic primitive equations, has a horizontal
resolution of 5◦ latitude by 7.5◦ longitude, with 11 vertical levels on a hybrid sigma-pressure
coordinate system, and a 1-hour timestep. The rigid-lid ocean model has a horizontal
resolution of 2.5◦ latitude by 3.75◦ longitude and 20 vertical levels, spaced unequally in
thickness from 10 m at the near-surface ocean to over 600 m at deep ocean depths, and a
12-hour timestep. The atmosphere and the ocean are coupled once per day.

FAMOUS is currently capable of simulating on the order of 650 model years per wall
clock day on 16 processors. As such, it is well suited to running large ensembles (Gregoire
et al., 2011) and performing sensitivity studies (Gregoire et al., 2015; Smith and Gregory,
2009), alongside multi-millennial length simulations (Gregoire et al., 2012, 2015; Dentith
et al., 2020), as is done here.

We use the Met Office Surface Exchange Scheme (MOSES) version 1 (Cox et al. 1999;
FAMOUS-MOSES1) generation of the model. Although a more recent version of the
land surface model does exist (MOSES2.2; Essery et al. 2003, 2001; Valdes et al. 2017;
Williams et al. 2013), when run for multi-millennia under constant pre-industrial boundary
conditions the published setup is known to produce a collapsed Atlantic Ocean convection
accompanied by the formation of a strong deep Pacific meridional overturning circulation
(Dentith et al., 2019). Therefore, FAMOUS-MOSES1, which simulates more realistic
AMOC states over long (muti-millennia) integrations, is currently better optimised for
exploring geochemical ocean tracers. However, the Nd isotope scheme can be directly
transferred to other versions of the UK Met Office Unified Model (UM) version 4.5,
including HadCM3/L or FAMOUS-MOSES2.2. A full description of the Nd isotope scheme
in FAMOUS is provided by Robinson et al. (2022a).

Dissolved seawater Nd in all our optimisation simulations (Sect. 4.2.2) is initialised
from zero and integrated for 6,000 years under the same constant pre-industrial boundary
conditions as used by Robinson et al. (2022a); which, as determined in our previous study,
is sufficiently long for the Nd isotope scheme to adequately reach steady state under
parameters within a reasonable Nd inventory target response range (i.e., where global Nd
inventory is 3.0 × 1012 − 6.0 × 1012 g), whilst avoiding unnecessary and costly additional
run-time. Here, we define steady state as being when the Nd inventory becomes [near]
constant with time (i.e., < 0.0025 % change per 100 years). All the presented results refer
to or show the centennial mean from the end of the 6,000-year simulations.

4.2.2 Neodymium isotope scheme optimisation

To calibrate the new Nd isotope scheme, we use an approach developed within the field
of Bayesian Statistics, called History Matching (Williamson et al., 2013). The framework
uses a collection of tools to aid the quantification of uncertainty and rule out combinations
of model parameter values that produce unrealistic outputs. In calibrating the input
space, history matching does not require the assumption of probability distributions
on the unknown model outputs; for this reason, it has seen widespread uptake in the
climate sciences where complex non-linear simulations make realistic judgements of output
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probability distributions difficult. The approach consists of running an ensemble of simulations
varying key input variables simultaneously, via an efficient sampling method. The model
output is then compared against observations using an implausibility metric to rule out
unrealistic simulations. An emulator, a statistical regression (often a Gaussian Process:
Rasmussen and Williams 2006) relating model output (or metric) to input parameters, can
be used to design good input combinations for running additional waves (i.e., ensembles)
of simulations to further improve model performance. In this section, we describe our
implementation of this approach, starting with our choice of tuning parameters (Sect.
4.2.2.1), then introducing the Gaussian Process emulation, how we used previous sensitivity
experiments to inform our new simulations, including our choice of target observations that
informed the sampling of two waves of experiments (Sect. 4.2.2.2), and finally the metrics
we used to identify optimised simulations (Sect. 4.2.2.3).

4.2.2.1 Tuning parameters

To calibrate the Nd isotope scheme in the FAMOUS GCM, we explore the model input
uncertainty of three key input variables: (i) the reversible scavenging efficiency ([Nd]p/[Nd]d),
which drives vertical cycling of marine Nd and represents the only Nd sink in the model;
(ii) total sediment Nd flux (fsed), which is especially important for governing Nd isotope
distributions in the intermediate and deep ocean (Robinson et al., 2022a); and (iii) riverine
source scaling factor (αriver), which is a scaling applied to the surface riverine Nd source
(Table 4.1). Note that the three tuning parameters ([Nd]p/[Nd]d, fsed and αriver) explored
in this study do not vary spatially, and the total Nd sourced from aeolian dust is fixed for
all the simulations. [Nd]p/[Nd]d and fsed represent the major (and largely unconstrained)
processes understood to govern [Nd]d and εNd distributions (Rempfer et al., 2011; Gu
et al., 2019; Siddall et al., 2008b; Pöppelmeier et al., 2020a; Arsouze et al., 2009), and
these two parameters are explored within both waves of analysis (Sect. 4.2.2.2). On the
other hand, the decision to vary αriver in our optimisation is based on results presented by
Rousseau et al. (2015), who found that in the Amazon Estuary, up to four times more Nd
was supplied to the oceans via estuarine dissolution of river-sourced resuspended lithogenic
material compared with dissolved sources. As such αriver was used to examine, to a first
order, enhanced Nd sourced at river mouths, and this parameter was explored during the
second wave of analysis (Sect. 4.2.2.2).

Table 4.1: Parameters chosen for the optimisation of the Nd isotope scheme in FAMOUS
and their initial ranges. References are provided for the choice of initial range.

Parameter Initial range Unit Description References

[Nd]p/[Nd]d [0.001, 0.006] - Reversible
scavenging
efficiency

(Robinson et al.,
2022a)

fsed [1.5×109, 6.0×
109]

g(Nd) yr−1 Total seafloor
sediment flux

(Robinson et al.,
2022a)

αriver [1.0, 4.0] - Riverine source
scaling

(Rousseau et al.,
2015)

The objective of our tuning was to statistically optimise these three key model input
variables within the FAMOUS Nd isotope scheme, aiming to reduce parametric uncertainty
and substantially refine the plausible parameter space to improve the model’s skill at
representing both modern [Nd]d and εNd distributions. Despite FAMOUS being a fast
GCM, running a simulation to equilibrium still requires 10 days on 16 processors. To
make best use of computing resources, we therefore adopted an approach that uses an
efficient sampling strategy; Gaussian Process emulation to ‘guess’ optimal parameter
value combinations and multiple waves of experiments to progressively refine the model
calibration.
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4.2.2.2 Statistical design of multi-wave ensemble

Gaussian Process (GP ) emulators are non-parametric statistical regression models that
flexibly represent chosen model output or performance metrics as a function of a subset
of input parameters, together with an uncertainty on that prediction (Rasmussen and
Williams, 2006; Astfalck et al., 2019). We describe the model output y as a function of a
vector of input parameters θ expressed as:

y(θ) ∼ GP (m(θ)), k(θ, θ′)), (4.1)

where m represents a mean function used to provide parametric prior model beliefs,
and k represents a covariance function. Our input space, θ, is defined by the uncertain
Nd scheme parameters: [Nd]p/[Nd]d, fsed, and αriver (see section above). The effects
of parameters not explicitly represented in θ are handled by the random stochasticity
embedded in the covariance function.

Building such a GP emulator to predict the plausible input parameter regions first
requires results from multiple simulations with the Nd isotope scheme, forming a reference
exploratory ensemble. Here, for efficiency, we used output of annual global Nd inventories
(Nd(I)) and residence times (τNd) from 11 existing single parameter perturbation simulations,
which formed part of the preliminary sensitivity analysis of the new Nd isotope scheme
performed by Robinson et al. (2022a); Fig.4.1 triangles, including two additional experiments
run under a combined high [Nd]p/[Nd]d and fsed, with αriver set to 1.0 in one simulation,
and set to 3.0 in the other (see Appendix A for a table with the specific combination of
parameter values used in each simulation, simulation names are denoted by their unique
five-letter Met Office Unified Model identifier). We refer to these simulations as the
“training set”.

We chose to focus the initial optimisation of the Nd isotope scheme on model outputs of
annual global Nd inventories (Nd(I)) and residence times (τNd) as these relatively simple
and hence easy to handle terms encompass the balance of all Nd sources and sinks in the
model. Further, Nd(I) and τNd determine model equilibrium and the lifetime of Nd in
the ocean, the latter of which drives the distinct basinal εNd signals that are fundamental
to the water mass tracer properties of marine εNd. Additionally, and for each wave of the
multi-wave ensemble, we set a target range for Nd(I) and τNd (Table 4.2). The choice
of target bounds for Nd(I) (Table 4.2) reflect the widely recognised estimated global
Nd(I) of 4.2 × 1012 g (Tachikawa et al., 2003). Alongside these target Nd(I) bounds,
specific for sampling in Wave 2, we employ a maximum threshold residence time of Nd
(i.e., τNd < 1, 000 years). This value was chosen based on results from Robinson et al.
(2022a) who demonstrated where Nd ocean residence times are over 1,000 years, close to
the timescales of global overturning circulation, simulated Nd becomes well mixed in the
ocean which acts to globally homogenise the εNd signal.

Table 4.2: Design of the multi-wave FAMOUS Nd isotope scheme optimisation ensemble.
Previous simulations from Robinson et al. (2022a) used as the GP ‘training set’ are not
shown here.

Number of
simulations

Parameters explored Nd(I) target
range (×1012

g)

τNd target
range (years)

Wave 1 8 [Nd]p/[Nd]d, fsed [3.0, 5.0] NA
Wave 2 15 [Nd]p/[Nd]d, fsed, αriver [3.7, 4.7] [< 1,000]

The Gaussian Process emulator was fitted to the “training set” of simulations to
emulate the predictive mean Nd(I) and τNd as a function of the uncertain parameters
[Nd]p/[Nd]d, fsed, and αriver. From these results, we predict the plausible region of
the parameter space, called not-ruled-out-yet (NROY ) space, as all the combinations of
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parameter values that would likely produce Nd(I) and τNd within their target ranges
(Table 4.2), given the uncertainty in the GP emulator. We successively refine this region
by running two waves of ensembles. Mathematically, this can be described as follows.
Using the GP emulators, at any unexplored location, θ∗, we obtain prediction of y(θ∗)
described by an expectation E(y(θ∗)) and variance var[y(θ∗)]. Appealing to a common
heuristic (here, Chebyshev’s inequality) we describe the prediction interval of y(θ∗), as
P (θ∗) = [E[y(θ∗)] − 3

√
var[y(θ∗)], E[y(θ∗)] + 3

√
var[y(θ∗)]], so that y(θ∗) ∈ P (θ∗) with

high probability. This is a conservative rule of thumb that considers all the emulated
values within 3 standard deviations of the mean (Chebyshev, 1867). For each wave we
apply the set of target ranges for Nd(I) and τNd (documented in Table 4.2). We define
the NROY space as the collection of input parameters, θNROY , whose prediction intervals
P (θNROY ) contain values of Nd(I) and τNd within their specified target ranges. Define
the target ranges by T , mathematically we describe the NROY space as:

NROY = {θ : P (θ) ∩ T ̸= {0}} (4.2)

that is, the values of θ where the intersection of P (θ) and T are not the null set {0}. In plain
language, this means that we define the NROY space as all the parameter combinations
for which the emulator predicts it is plausible that results will be within our target range.

Combinations of parameter values for each wave (Fig. 4.1) are sampled using k-extended
Latin Hypercube sampling (Williamson, 2015) within the NROY space so that design
locations are optimally spaced with respect to the target values (Table 4.2).
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Figure 4.1: Parameter combinations of [Nd]p/[Nd]d (x-axis), fsed (y-axis) and αriver

(z-axis and colour of filled markers) in the multi-wave FAMOUS Nd isotope scheme
optimisation. Triangles indicate simulations in the training set, circles are for simulations
in Wave 1, and squares are for simulations in Wave 2.

In Wave 1, we vary the two parameters detailing the major non-conservative processes
believed to govern marine Nd cycling ([Nd]p/[Nd]d and fsed). Wave 2 further includes
the additional third tuneable parameter (αriver), thus, to ensure the regions of plausible
parameter space adequately capture this additional dimension, we increase the number of
simulations in Wave 2 to 15 (Table 4.2).

We sample the eight simulations in Wave 1 such that GP predictive mean Nd(I) is
between 3.0×1012 g and 5.0×1012 g, which are intentionally wide bounds designed to better
encompass the largely unexplored NROY parameter space and associated uncertainty
arising from the limited (11) simulations forming the exploratory ensemble. We do not
yet constrain τNd.

The GP emulator is updated for Wave 2, based on the additional results of Wave 1, to
reassess the uncertainty in the remaining plausible input space. The additional information
gained from Wave 1 reduces uncertainty and improves the predictive capability of the GP .
This enables us to apply refined bounds on the mean Nd(I) that are closer to the global
Nd(I) target reference of 4.2×1012 g (±0.5×1012 g), and to introduce the τNd target (Table
4.2). Using the results of the Wave 2 simulations, we describe the final NROY space by
the Wave 2 criteria with the GP emulator trained on all resulting data from the training
Wave 1 and Wave 2 simulations. After two waves of simulations, the maximum predictive
standard deviations of Nd(I) and τNd within the NROY space is 0.22 × 1012 g and 46
years, respectively; we deem this to be a sufficient reduction in parametric uncertainty to
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end the iterative process of performing further model ensembles to inform the GP . More
resources could have been allocated to further reduce the uncertainty, but with diminishing
benefits. Thus, with only 23 new simulations (instead of the 100+ used in previous studies;
Rempfer et al. 2011; Gu et al. 2019; Pöppelmeier et al. 2020a), we are in a position to
optimally calibrate the Nd scheme.

4.2.2.3 Identifying a reference simulation

Following the multi-wave parameter analysis of the FAMOUS Nd isotope scheme, we apply
an updated GP emulator to determine the parameter combinations within our remaining
plausible input space to produce a statistically optimised reference simulation (named
‘REF ’) that most closely matches modern measurements of [Nd]d and εNd. We first
determine model skill by returning the mean absolute error (MAE):

MAE =
1

N

N∑
k=1

|obsk − simk|, (4.3)

where obsk and simk are measured and simulated [Nd]d or εNd respectively, and k
is an index over all observational data. For each measurement – based on its longitude,
latitude, and depth – the value predicted by the simulation is extracted and the mean
deviation of simulated and observed [Nd]d and εNd is presented in pmol kg−1 and εNd-units
respectively. Here we chose specifically not to apply a grid box volume weighting to the
MAE, which would act to emphasise abyssal Pacific results in our assessment of model skill
(due to the large area of the abyssal Pacific Ocean), where there are few observations and
relatively low variability in Nd distributions. The advantage of using an unweighted MAE
is that the assessment metric better scrutinises regions with larger (spatial) gradients in
both [Nd]d or εNd; i.e., at the surface and high latitudes. However, we acknowledge neither
the horizontal nor vertical distribution of global seawater [Nd]d or εNd observational data
are even (Robinson et al., 2022a), and some local surface features captured in the seawater
measurements will not be represented in FAMOUS due to model resolution, introducing
some bias into the cost function. The measurements used in this assessment are from the
seawater REE compilation used by Osborne et al. (2017, 2015), augmented with more
recent measurements including data from the GEOTRACES Intermediate Data Product
2021 (GEOTRACES Intermediate Data Product Group 2021; sections GA02, GA08,
GP12, GN02, GN03, GIPY05). Combined, the utilised observational database represents
a total of 6,048 [Nd]d and 3,278 εNd measurements. Notably, we omit measurements of
[Nd]d > 100 pmol kg−1 from the model data comparison here because these represent
very localised signals, which we do not attempt to resolve (Robinson et al., 2022a). In
some instances, near land grid cells, the location of the measured and modelled Nd being
compared may not match. In such cases, we employ a nearest neighbour algorithm to
extract the modelled value from the closest ocean model grid cell. Furthermore, if multiple
measurements occur within one model grid cell, the arithmetic mean of the values is used
for our comparison to model results, and as such, n = 3, 471 and 2,136 for the calculation
of both MAE[Nd] and MAEεNd

respectively.

We then standardise the mean absolute errors (MAE = Ji) for both [Nd]d and εNd

(where i = [Nd]d and εNd) as:

STDJi = (Ji − E(Ji))/sd(Ji), (4.4)

where E(.) and Sd(.) represent the empirical mean and standard deviation. We then
define our loss function (Jloss) as:

Jloss = STDJNd
+ STDJεNd

(4.5)
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which we minimise over the NROY space. The minimisation constraints applied to
sample the REF parameters for Nd(I) and τNd (i.e., the bounds within which we minimise
for Jloss) are consistent with those imposed during Wave 2 of the multi-wave parameter
exploration (Table 4.2). These constraints are what we define as the capability of the
model to satisfy physical reasoning within its simulation of the marine Nd cycle, alongside
an additional constraint regarding an upper limit of the reversible scavenging efficiency
([Nd]p/[Nd]d < 0.0045). This maximum threshold for [Nd]p/[Nd]d was set following
results from the multi-wave analysis demonstrating that notwithstanding improved JεNd

,
above this threshold and particularly in the Pacific, numerical instabilities in simulated
εNd occur within the surface layers due to near-zero [Nd]d resulting from an over-strong
particle scavenging.

Our optimisation procedure and specific choice of physical (Nd(I) and τNd; Table 4.2)
and parameter ([Nd]p/[Nd]d < 0.0045) bounds are somewhat arbitrary, yet, as detailed
in Sect 4.2.2.2, we approximate these from prior knowledge of marine Nd cycling and
our most up-to-date capabilities in choosing appropriate constraints to solve for Jloss that
improve model skill in representing the modern marine Nd cycle (Rempfer et al., 2011;
Arsouze et al., 2009; Siddall et al., 2008b; Tachikawa et al., 2003). To test the sensitivity
of simulated Nd distributions to the choice (or prioritisation) of target summary metrics
(and thus what combinations of fsed, [Nd]p/[Nd]d and αriver are identified as optimal), we
ran two additional simulations alongside REF. These use parameter value combinations
that the GP emulator predicts will minimise J[Nd] (simulation REF CONC1 ) and JεNd

(simulation REF IC ), removing the minimisation constraints applied for Nd(I) and τNd

hence prioritising performance for [Nd]d and εNd respectively, rather than balancing the
standardised performance for both.

4.3 Optimisation results and discussion

4.3.1 Overview of multi-wave ensemble and parameter influence

The multi-wave ensemble explored the response of simulated [Nd]d and εNd in the FAMOUS
GCM to effective space-filling variations within the NROY parameter space for the three
tuning parameters: [Nd]p/[Nd]d, fsed and αriver. Neodymium inventory in all experiments
in the ensemble increases considerably within the first 1,000 years of simulation, and by
the end of the simulations, the majority reach steady state under a range of different
Nd(I) (Fig. 4.2). There is less variance in the simulated Nd(I) from the simulations in
Wave 1. This is as expected since the first wave only explored the two-dimensional input
space of [Nd]p/[Nd]d and fsed, which were the focus of the systematic exploration within
our previous sensitivity analysis (Robinson et al., 2022a). As such, after Wave 1, the GP
benefited from a greater exploration of the 2D parameter space, and thus from additional
constraints on regions of the space that are unfeasible/unphysical, herby increasing the
GP ’s predictive power. By adding the river scaling (αriver) parameter in Wave 2, we
introduced an additional and widely unexplored degree of freedom into the simulations,
producing a greater range of simulated Nd(I) (Fig. 4.2).
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Figure 4.2: Timeseries of simulated global Nd inventory (g) from the multi-wave parameter
tuning ensemble. Orange and blue lines are from simulations in Wave 1 and 2 respectively,
and the dashed line represents the estimated global marine Nd inventory of 4.2 × 1012 g
from Tachikawa et al. (2003).

The lowest simulated Nd(I) of 1.38 × 1012 g occurs within Wave 1; this simulation
(XPGTG; see Appendix A) has a strong particle scavenging efficiency ([Nd]p/[Nd]d =
0.0056) combined with a low sediment source (fsed = 1.59 × 109 g yr−1), and no riverine
source scaling to account for dissolution of river particulates (i.e., αriver = 1.0). The
low collective total Nd source (ftotal) to the ocean of 2.36 × 109 g yr−1 combined with a
parameterisation of strong sinking and removal in the model causes Nd to rapidly (within
3,000 years) reach equilibrium under low Nd(I). In contrast, the Nd sources and sinks
within two simulations from Wave 2 (XPHJH and XPHJI: see Appendix A) are especially
unbalanced (i.e., Nd input outweighs Nd removal). Here the parameter combinations result
in unrealistically large Nd(I), ranging from 8.95×1012 g up to 12.3×1012 g, which is still
increasing considerably at the end of the simulation. Importantly, though, both of these
high Nd(I) simulations explore similar regions of the parameter space, with combinations
of low reversible scavenging efficiencies (where [Nd]p/[Nd]d ≤ 0.0023) and high Nd sources
(ftotal ≥ 6.32×109 g yr−1). A few simulations with reasonable Nd(I), but which have not
reached steady state, all share low reversible scavenging efficiencies relative to their total
Nd source magnitudes. Here, we have learned important information from the GP , and
all such simulations are determined to be within the regions of the refined parameter space
that are now ruled out; based on what we deem to be an unphysical Nd residence time
that is too similar to or longer than the typical timeframe of global deep ocean overturning
(Sect. 4.2.2.2.).

The relationship between the three tuning parameters and their controls on determining
Nd(I) and τNd demonstrate foremost that [Nd]p/[Nd]d, fsed and αriver are almost equally
important in determining the variation in Nd(I), this is because each parameter governs
major seawater Nd source/removal (Fig. 4.3). Alternatively, τNd also shows a very strong
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correlation between varying [Nd]p/[Nd]d, which is unsurprising considering [Nd]p/[Nd]d
drives the only sink in the model, but clearly demonstrates the important role of scavenging
intensity for governing simulated Nd residence time in the ocean. In contrast, the lack of
correlation between fsed and αriver reduces direct impact of these parameters on τNd.

Figure 4.3: Simulated Nd inventory (Nd(I)) and residence time (τNd) from GP
predicted parameter combinations in the multi-wave FAMOUS Nd isotope ensemble
and optimisation. Circles and squares represent the parameter combinations in Wave
1 and 2 respectively. Output from REF (red diamond), REF CONC1 (red cross),
REF CONC2 (red square, see Table 4.3), and REF IC (red triangle) simulations are
overlain. The dashed black line indicates the upper limit of the reversible scavenging
efficiency ([Nd]p/[Nd]d < 0.0045; Sect. 4.2.2.3) imposed for identifying the optimised
simulations (i.e., REF, REF CONC1 and REF IC ) to avoid numerical instabilities in the
surface layers resulting from too strong particle scavenging.

There is a complex relationship between the three tuning parameters and their controls
on model skill in simulating [Nd]d (determined by the MAE, J[Nd]; Fig. 4.4). Broadly,
best [Nd]d model-data fit occurs under balanced parameter combinations of low scavenging
intensity ([Nd]p/[Nd]d) and low Nd source magnitudes (i.e., low combined fsed and αriver)
moving to high scavenging balanced by high Nd source magnitudes. Conversely, worst
[Nd]d model-data fit occurs under low scavenging intensity coupled with high source
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magnitudes, mostly due to imbalanced Nd budgets causing unrealistically high [Nd]d
accumulation in the ocean. The largest variance in J[Nd] exist under different fsed and
αriver when under low particle scavenging ([Nd]p/[Nd]d < 0.003), indicating that within
this region of parameter space, [Nd]p/[Nd]d impacts are minor and the two source parameters
exert a bigger influence on [Nd]d (Fig. 4.4). On the other hand, there is a much clearer
relationship between the tuning parameters and JεNd

, with minimised JεNd
for larger

[Nd]p/[Nd]d. Reversible scavenging efficiency therefore explains most of the variance
regarding model skill in simulating εNd in our ensemble, mostly due to strong vertical
cycling keeping τNd below the global overturning time and enhancing localised basinal
εNd signals. More indistinguishable patterns for fsed and αriver suggest these parameters
are less influential for minimising JεNd

.

Figure 4.4: Mean absolute error (MAEi: Ji, Eq. (4.3)) values indicating model
skill in representing modern measurements of [Nd]d (J[Nd]) and εNd (JεNd

) from GP
predicted parameter combinations in the multi-wave FAMOUS Nd isotope ensemble and
optimisation. Circles and squares represent the parameter combinations in Wave 1 and 2
respectively. Output from REF (red diamond), REF CONC1 (red cross), REF CONC2
(red square, see Table 4.3), and REF IC (red triangle) are overlain. The dashed black line
indicates the upper limit of the reversible scavenging efficiency ([Nd]p/[Nd]d < 0.0045;
Sect. 4.2.2.3) imposed for identifying the optimised simulations (i.e., REF, REF CONC1
and REF IC ) to avoid numerical instabilities in the surface layers resulting from an over
strong particle scavenging.
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4.3.2 Optimised reference simulation

Our statistically optimised reference simulation (REF ) embodies an estimate of the combination
of parameter values that appropriately represent the modern marine Nd cycle in FAMOUS,
based upon minimising the expected loss function (Jloss: a standardised MAE of both
[Nd]d and εNd, from Eq. (4.5)). We highlight, here, that our estimate necessitates
subjective decisions including our choice of loss function (Jloss), choice of tuneable parameters
(Sect. 4.2.2.1), physical targets from which to minimise Jloss within (i.e., mean Nd(I) of
4.2 × 1012 g (±0.5 × 1012 g), τNd < 1, 000 years; Sect. 4.2.2.2), and an upper limit on
the reversible scavenging efficiency to prevent numerical instabilities in the surface layers
(i.e., [Nd]p/[Nd]d < 0.0045; Sect. 4.2.2.3), combined with the intrinsic parametric and
structural uncertainty typical within GCMs like FAMOUS. As such, it is unlikely that a
single ‘best’ configuration exists. Rather, a subset of different parameter values within
the refined parameter space (Sect. 4.3.1) could yield multiple optimal solutions, though
we recognise other subsets would capture similar key characteristics of the modern marine
Nd cycle as our selection of values for REF.

The Nd(I) in REF is 4.27×1012 g and has reached steady state (where rate of change
in final 100 years is 0.006%), and thus is in excellent agreement with previous Nd isotope
enabled model inventories (Tachikawa et al., 2003; Rempfer et al., 2011; Gu et al., 2019;
Arsouze et al., 2009). The total Nd source to the ocean (ftotal) is 5.9 × 109 g(Nd) yr−1,
sitting within the range of recent estimates of 4.5× 109 to 6.1× 109 g(Nd) yr−1 (Rempfer
et al., 2011; Gu et al., 2019), and Nd residence time (τNd) is 727 years (where τNd =
Nd(I)/ftotal), which is also inside the range estimated by recent isotope enabled models
(690-785 years; Rempfer et al. 2011; Gu et al. 2019; Pöppelmeier et al. 2020a). A full
list of final optimised parameter values for REF are presented in Supplementary Table
4.5. Moreover, the optimised scheme apportions the magnitude of simulated Nd sources
to seawater: the sediment source via a seafloor wide benthic flux represents the largest
Nd source contributing 64% of the total Nd source, riverine sourced Nd contributes
30%, whilst dust sources make up the final 6%. Our partition of Nd sources are most
comparable to recent estimates by Pöppelmeier et al. (2020a) (where sediment contributed
60%, rivers 32% and dust 9%), likely related to the river scaling applied in both studies.
Moreover, the spatially uniform seafloor-wide benthic flux of 3.78 × 109 g(Nd) yr−1 (i.e.,
fsed) corresponds to a sediment flux (per area) of 2.96 pmol cm2 yr−1. This value is
similar to the few existing measurements of a benthic Nd flux across diverse sedimentary
environments, which are mostly on the order of 10 pmol cm2 yr−1 (Abbott et al., 2019,
2015a; Du et al., 2018; Haley et al., 2004). Compared with model estimates of the sediment
flux, our value is close to the global benthic flux estimated by Pöppelmeier et al. (2020a)
of 5.4 pmol cm2 yr−1, and lower than the value of 20 − 30 pmol cm2 yr−1 estimated by
Du et al. (2020).

For comparison, we chose to run two additional simulations where the GP predicted
parameter values to minimise for [Nd]d (i.e., J[Nd]) or for εNd (i.e., JεNd

), named REF CONC1
and REF IC respectively (Table 4.3). Interestingly, one simulation from Wave 2 of the
multi-wave ensemble (XPHJF) performs better for reproducing global measurements of
[Nd]d than the simulation predicted by the GP emulator to minimise J[Nd] (REF CONC1 ).

This is demonstrated by the lower MAE (J[Nd]) of 6.69 pmol kg−1 compared to 7.51 pmol kg−1

in REF CONC1 ; for subsequent discussion and in the figures, we name this simulation
REF CONC2. The reason that REF CONC1 performed slightly worse than REF CONC2
in terms of [Nd]d performance can be attributed to imprecision in the GP . This emulator
uncertainty arises from the inability to run the simulator through every possible input
configuration as a result of limited computing resources, resulting in a degree of statistical
error surrounding the prediction of optimised parameters (Rasmussen and Williams, 2006;
Kennedy and O’Hagan, 2001). Furthermore, uncertainties introduced into the GP due to
inaccuracies within the observational measurements (e.g., Pahnke et al. 2012) adds an
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additional degree of uncertainty to the prediction. However, the similar input values for
REF CONC1 and REF CONC2 – whereby the main difference is from the smaller αriver

of 3.53 in REF CONC2 compared to 4.0 in REF CONC1, resulting in a smaller total Nd
source to seawater (i.e., ftotal) – demonstrates the multi-wave exploration (Sect. 4.3.1)
sufficiently explored the parameter space. This illustrates that the GP effectively refines
plausible regions of the input space for optimising model performance, albeit with an
associated uncertainty in the prediction.

Table 4.3: Overview of the parameter values and general model skill for the optimised
REF simulation, which the GP minimised for Jloss (Eq. (4.5)) compared to simulations
which the GP minimised for J[Nd] (REF CONC1 ) and JεNd

(REF IC ) separately. Due to
uncertainty associated with the GP prediction, REF CONC2 describes a simulation from
Wave 2 of the multi-wave parameter analysis (XPHJF) which minimised J[Nd].

Simulation
name

UM
identifier

fsed
(×109

g yr−1)

[Nd]p/
[Nd]d

αriver ftotal
(×109

g yr−1)

Nd(I)
(×1012

g)

τNd

(yrs)
J[Nd]

(n =
3471)

%
within
10
(pmol
kg−1)

JεNd

(n =
2136)

%
within
3 εNd

-units

REF XPIAB 3.78 0.00448 4.0 5.87 4.27 727 8.83 68 2.37 67

REF CONC1 XPIAD 1.5 0.00196 4.0 3.59 5.51 1534 7.51 73 2.84 63

REF CONC2 XPHJF 1.5 0.0023 3.53 3.38 4.54 1341 6.69 81 2.77 63

REF IC XPIAC 2.36 0.00448 4.0 4.45 3.16 711 9.42 63 2.34 68

The optimised parameter values vary between the three experiments that minimise
Jloss (REF ), J[Nd] (REF CONC2 ), and JεNd

(REF IC ). Notably, REF has the highest
sediment source (fsed), and both REF and REF IC have the highest scavenging efficiency
[Nd]p/[Nd]d of 0.00448, which lies close to the imposed upper limit on the reversible
scavenging efficiency (i.e., [Nd]p/[Nd]d < 0.0045) (Table 4.3). This demonstrates that, in
our ensemble, efficient reversible scavenging is key for determining εNd. Whereas the much
lower [Nd]p/[Nd]d of 0.0023 in REF CONC2 facilitates a longer marine Nd residence time
due to less scavenging and removal via sedimentation, which allows Nd isotopes to become
better mixed throughout the ocean, improving model representation of [Nd]d, but at the
expense of removing distinct inter-basin water mass εNd signals (Robinson et al., 2022a).

Riverine source scaling, to account for dissolution of river particulates, in all optimised
simulations (REF, REF CONC2, and REF IC ) is set to the upper bound of the scaling
parameter range considered (where αriver is set to, or close to 4.0; Table 4.3). Here,
indicating that an enhanced Nd flux from rivers considerably favours model performance
for both [Nd]d and εNd. This may suggest a particulate river source as a major global
Nd flux to seawater, supporting the findings by Rousseau et al. (2015). Within the study
by Rousseau et al. (2015), a simplified global extrapolation of the Amazon observation
of river particle Nd release suggest that the particulate river source could even be 6-17
times larger than the dissolved, supported further by recent measurements by Rahlf
et al. (2021), who reported large Nd release from river particulates in the estuary of the
Congo River. Although out of the scope of this study, future work with the Nd isotope
scheme in FAMOUS could explore the upper bounds of this hypothesis, which would
benefit substantially from increased measurements to resolve in greater detail complex
estuarine processes and account for εNd variability between dissolved and river particulates
(Goldstein and Jacobsen, 1987; Rousseau et al., 2015). That said, overall, we interpret this
result with some caution, as the enhanced river flux may compensate for the model not
resolving complex and highly variable surface processes where most of the observational
data are biased towards (with 38% of observational data concentrated in upper 100 m
compared with 11% below 3,000 m). In addition, the scaled river flux may be compensating
for biases within the parameterisation of the reversible scavenging, owing to the simplified
nature of the fixed globally uniform particle settling rate, which, as explored by Pöppelmeier
et al. (2022) in a similar scheme parameterisation, may be too high in the upper layers
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(i.e., there may be lower settling velocities in the surface mixed layer) due to enhanced
turbulence (Chamecki et al., 2019; Noh et al., 2006) and complexation with organic ligands
(Byrne and Kim, 1990), requiring future exploration.

Optimising our scheme for skill in simulating both [Nd]d and εNd demonstrably
produces improved results than prioritising only [Nd]d or εNd performance, and reveals
the complex behaviour in balancing model skill at simulating [Nd]d and εNd as found
previously (Rempfer et al., 2011; Gu et al., 2019; Pöppelmeier et al., 2020a). The Nd
inventory in REF is closest to the target Nd(I) of 4.2×1012 g, whilst REF IC underestimates
(3.16×1012 g) and REF CONC2 overestimates (4.54×1012 g) the inventory. The residence
time is similar for REF (727 years) and REF IC (711 years), which is predominantly
determined by scavenging efficiency (i.e., [Nd]p/[Nd]d; Fig. 4.3), whereas for REF CONC2,
τNd is 1,341 years, the latter being unphysical given the observed variations in εNd between
basins that require a lifetime less that the ocean overturning time (van de Flierdt et al.,
2016). As such, our choice to weight model skill equally in both [Nd]d and εNd favours
an optimised scheme that improves constraints on the external sources to seawater and
encompasses a more complete representation of the marine Nd cycle; εNd remains key,
but [Nd]d is important for governing vertical isotopic gradients (Siddall et al., 2008b;
Pöppelmeier et al., 2022).

Our remaining analysis focuses on REF, and compares regional distributions of simulated
and measured [Nd]d and εNd values in REF across different ocean basins to explore model
skill in representing key regional features and variance of the modern marine Nd cycle
with respect to depth (Fig. 4.5). Overall, REF is successful in simulating the global
distributions of [Nd]d, closely matching measurements of increasing concentrations with
depth and with a nutrient like increase along the circulation pathway (van de Flierdt
et al., 2016; Goldstein and Hemming, 2003), where the highest [Nd]d (approximately 50
pmol kg−1) occurs in the deep Pacific (below 5,000 m) (Fig. 4.5b). However, model-data
[Nd]d mismatches occur in the upper 1,000 m across all basins. Here, mean simulated [Nd]d
is underestimated, with the largest underestimations occurring within the uppermost (top
100 m) surface layers, indicating REF does not capture fully the measured surface [Nd]d
variability, a feature common amongst previous Nd isotope implementations (Arsouze
et al. 2009; Rempfer et al. 2011; Gu et al. 2019; Robinson et al. 2022a). We attribute
the surface [Nd]d underestimation to a combination of the low spatial resolution of the
model, which limits full representation of point surface inputs (Goldstein and Hemming,
2003), too strong particle scavenging in the surface layers, and/or the misrepresentation
of elevated surface and marginal Nd sources.
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Figure 4.5: Basin averaged [Nd]d ((a); North and South Atlantic, (b); North and South
Pacific and Southern Ocean) and εNd profiles ((c); North and South Atlantic, (d); North
and South Pacific and Southern Ocean) with depth in REF. The mean and standard
deviation of modern seawater measurements (Osborne et al., 2017, 2015; GEOTRACES
Intermediate Data Product Group, 2021) are calculated for each vertical grid level and
represented by the thinner dashed lines and error bars. The mean and standard deviation
of the model are represented by the thicker solid line and lighter coloured ribbon.

Moreover, REF slightly overestimates the mean vertical [Nd]d gradients compared
with measurements, particularly in the North Atlantic, where measured [Nd]d is higher
than simulated in the surface to intermediate layers and slightly lower than simulated
at depth (Fig. 5a). Additionally, the measured profiles of [Nd]d in the upper 3,000 m
are more homogenous throughout the water column than simulated. This overestimated
vertical gradient implies that in the North Atlantic, high surface Nd inputs fluxes are
underestimated, and in regions of deep-water convection, efficient scavenging processes
are governing distributions in REF, which would otherwise act to homogenise [Nd]d with
depth. In the South Atlantic, below about 500 m, simulated [Nd]d is a better match to
observations, but remains overestimated by approximately 5 pmol kg−1 between 1,000 and
3,000 m, and closely matches measurements > 4,000 m below the surface. In conjunction
with the North Atlantic comparison, this also hints at there being too much release
from reversible scavenging within the ocean’s interior in the model. Thus, the rates of
desorption of Nd at depth may be too strong, supporting suggestions by Haley et al.
(2017) that undue emphasis is imposed on water column desorption as a primary driver
of [Nd]d. The inherent complexities and uncertainties regarding reversible scavenging
require more detailed evaluations including a better spatial quantification of the modes
and rates of scavenging, and dependence on particle type, before any full conclusions
can be made (Stichel et al., 2020). The mean [Nd]d profiles are matched with better
skill in the Southern Ocean, although REF simulates a higher variability throughout
the water column compared to measurements (Fig. 4.5b). The non-conservative benthic
flux sources from Antarctica’s margins and seafloor coupled with an internal source via
reversible scavenging notably from dissolution of biogenic opal are likely the primary
drivers of this variance. REF captures the major basinal [Nd]d distributions in the Pacific,
indicating good model skill in representing concentrations in this basin, albeit with a slight
overestimation of the vertical gradient in the North Pacific.

Regarding model skill in representing regional εNd distributions, simulated εNd captures
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the mean and bulk variance in the depth profiles of the Atlantic and the Southern Ocean,
implying the boundary conditions and internal processes driving εNd are being suitably
represented here (Fig. 4.5c-d). Surface εNd variability is not fully captured in the scheme,
and a bias occurs in the North Atlantic, particularly in the Labrador Sea, whereby REF
does not capture the distinct unradiogenic surface signal (measured εNd is -18 compared
to simulated values of -11). This potentially arises from the model underestimating the
magnitude of surface Nd input, alongside the simplified prescription of εNd from the dust
and river boundary conditions, or may allude to missing processes, such as the preferential
and elevated mobilisation of reactive unradiogenic sediment components driving localised
marginal Nd sources. Noticeably, whilst REF captures the general depth profile and
variance of εNd in the Pacific, there is a distinct whole-profile offset, whereby simulated
εNd is much too unradiogenic (offset by 3 to 4 εNd-units) compared to water column
measurements, a feature common amongst sophisticated global Nd isotope enabled models
(Jones et al., 2008; Arsouze et al., 2009; Rempfer et al., 2011; Gu et al., 2019; Pöppelmeier
et al., 2020a). Specifically, we think that biases within the sediment boundary conditions
and spatially-uniform fluxes are strong contenders for explaining a large part of the
differences between measured and simulated Nd distributions, as they do not capture
the regional reactive and radiogenic volcanic features present in the Pacific (Jones et al.,
2008; Tachikawa et al., 2017). Future effort is therefore required to constrain such large
basinal model-data mismatches if global Nd isotope models are to be used to help resolve
instances of εNd shifts in the palaeoceanographic records (e.g., Hu and Piotrowski 2018).

Distinct water mass εNd properties are represented in REF, capturing important
features of water mass structure in the Atlantic Ocean (as illustrated in the Atlantic
stream function plot in Fig. 4.6a). For example, the vertical Atlantic εNd cross-section
at around 35◦ S co-varies with salinity and shows southward flowing NADW with εNd

of -11.2, underlain by northward flowing Antarctic Bottom Water (AABW) with εNd of
-10.8 (Fig. 4.6b), encompassing the canonical Atlantic zig-zag profiles of εNd (Goldstein
and Hemming, 2003). These distinct water mass tracer properties make REF a suitable
simulation to explore the varying influences of northern and southern sourced water
masses in the Atlantic, which is required to aid in palaeoceanographic reconstructions
and their interpretation. However, simulated NADW is more radiogenic than indicated
by water column measurements (where lower NADW εNd is 12.4; Lambelet et al. 2016),
suggesting that Nd source distributions for this water mass require further constraints.
Moreover, εNd is shifted to greater depths compared to corresponding salinity (Fig. 4.6b).
This dissimilarity results from reversible scavenging processes, whereby adsorption and
subsequent desorption of Nd with particle dissolution causes a non-conservative downward
transport of εNd (Rempfer et al., 2011; Pöppelmeier et al., 2022; Siddall et al., 2008b).
Moreover, the benthic flux contributes a less radiogenic source to AABW along its northward
bottom water flow path and causes a shift in εNd signal towards values which are more
similar to that of NADW. This vertical εNd offset, which has also been directly observed
in the modern South Atlantic (Wang et al., 2021), indicates that the rates of particle
dissolution and scavenging efficiency are major vertical processes acting throughout the
water column. Here, the concentration mixing dynamics (whereby vertical processes
occurring in abyssal water masses with a high [Nd]d will have a weaker effect on εNd than
intermediate masses with a comparably low [Nd]d) can help explain the ‘Nd paradox’
(Siddall et al., 2008b; Pöppelmeier et al., 2022).



146 CHAPTER 4. OPTIMISATION OF THE ND ISOTOPE SCHEME

Figure 4.6: The conservative water mass tracer properties of εNd in the optimised REF
simulation in the Atlantic Ocean, as indicated by (a) zonally integrated Atlantic Ocean
stream function (Sverdrup, Sv; where 1 Sv = 106m3 s−1), (b) simulated εNd (coloured)
and salinity (contours) in a cross section of the Atlantic (20− 30◦ W), compared to water
column measurements of εNd (filled circles using the same colour scale).

Overall, we conclude that REF has skill in representing the global distributions and
key features of both [Nd]d and εNd, including the εNd of distinct water masses in the
Atlantic. Deviations in [Nd]d and εNd from the observational data vary regionally, and
can be typically attributed to the resolution of FAMOUS, alongside highlighting certain
inconsistencies within the assumptions underlying the Nd inputs to seawater, which, due to
the inherent elusive nature of marine Nd cycling, still remain preliminary approximations
of complex sediment-seawater interactions. We suggest that future modelling and observational
studies should focus on resolving upper ocean sources of Nd where the largest model-data
disparity occurs, and further on improving the representation and spatial extent of labile
seafloor εNd interactions, including exploring in detail the regional differences in how
seawater acquires a εNd signal (i.e., the interplay of Nd additional versus advection
time). The optimised parameters in REF allow for ease of future model improvements,
which may include updating model εNd source boundary conditions subject to increased
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measurements and more quantitative process descriptions, alongside testing outstanding
questions regarding marine Nd cycling and ocean circulation. Altogether, we argue that
REF is a well-designed tool capable of improving the application of Nd isotopes as an
ocean circulation tracer.

4.4 Sensitivity of optimisedREF simulation to seafloor sediment
εNd distributions

To investigate the influence of varying regional reactive εNd sources on simulated seawater
Nd isotope distributions, caused by the potential preferential mobilisation of certain
components of the sediment, we performed idealised sensitivity tests using our optimised
REF simulation. We tested three different sediment maps (i.e., sediment boundary
conditions shown in Fig. 4.7:a-c) in simulations REF, REF-SED2 and REF-SED3, representing
the εNd distributions of reactive sediment under a seafloor-wide benthic flux model of
marine Nd cycling. The rationale for exploring a shift in sedimentary εNd towards more
extreme values is based upon evidence from a combination of laboratory analysis, seawater
and porewater measurements, and modelling studies that demonstrate a substantial relabelling
of water masses by a benthic source. These pieces of work suggest that the bulk εNd of
the sediment cannot always be assumed to represent the mobile sedimentary εNd phase
governing distributions of seawater εNd (Abbott et al., 2015a; Wilson et al., 2013; Du et al.,
2016; Lacan and Jeandel, 2005b; Jones et al., 2008; Pearce et al., 2013; Rousseau et al.,
2015; Abbott et al., 2016a; Jeandel and Oelkers, 2015). Note, however, that our sensitivity
analyses are designed to be quasi-idealised (i.e., simplified) end-member tests of some of
the major assumptions implicit to paradigms pertaining to the mobility/exchangeability
of seafloor Nd, as explained below, and are not meant to provide a redefined seafloor εNd

boundary condition for models. Like the optimisation simulations (Sect. 4.2.2), dissolved
seawater Nd in all sensitivity studies is initialised from zero, and integrated for 6,000 years
to enable the deep ocean and seawater Nd to reach steady state.

The first map of global εNd distributions at the sediment-ocean interface (REF : Fig.
4.7a) represents the estimated bulk εNd distributions of the continental margins and
seafloor detrital material of Robinson et al. 2021 (see their Figure 4). The subsequent two
maps (REF-SED2 : Fig. 4.7b and REF-SED3 : Fig. 4.7c) impose simplified modifications
of increasing magnitude to the soluble εNd from localised sediment regions in the Pacific
(particularly across the eastern and western margins, where we cap the regional εNd

signal by imposing a minimum threshold; causing the sediment region to become more
radiogenic), and in the Atlantic Ocean (particularly the Northwest Atlantic, where we
cap the regional εNd signal by imposing a maximum threshold; causing the sediment
region to become less radiogenic); see Supplementary Table 4.6 and Text S4.1 for the
specific definition and choice of the regional sediment εNd thresholds. All other model
parameterisations are from the optimised REF simulation and are the same amongst the
sensitivity simulations. Thus, because the magnitude of Nd sources are fixed, [Nd]d does
not vary between simulations and so here we focus our discussion on changes to seawater
εNd distributions.
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Figure 4.7: Global sediment εNd distributions at the sediment-water interface used
to represent the seafloor benthic flux under sensitivity studies testing (a; REF ) the
bulk sediment εNd signal as presented in Figure 4; Robinson et al. (2021), and (b;
REF-SED2 and c; REF-SED3 ) representing two modified sediment εNd maps of increasing
magnitude to test the hypothesis that certain reactive sedimentary phases dominate
sediment-seawater interactions. The difference between the modified εNd maps and the
bulk sediment map (a) are shown on the adjacent right-hand side plots (d-e), in εNd-unit
difference. See Fig. 4.13 for εNd distributions on the FAMOUS GCM grid which are
directly input as sediment boundary conditions in the Nd isotope scheme.

Modifying the εNd distributions of the labile seafloor sediment influences the model’s
skill at representing modern measurements as indicated by the returned MAE εNd cost
functions (JεNd

: Table 4.4), demonstrating that the heterogeneity of sediment reactivity
and isotopic composition likely plays an important role in the oceanic cycling of Nd isotopes
(Du et al., 2016; Wilson et al., 2013; Abbott et al., 2016a). Here, the global JεNd

is reduced
from 2.37 εNd-units in REF to 2.22 εNd-units in REF-SED3. In other words, adjusting
the seafloor εNd to take account of the enhanced reactivity of particular sediment phases,
which may have more extreme εNd signatures than the bulk sediment, improves model
skill; 73% of measurements in REF-SED3 are simulated within 3 εNd-units, compared
to 67% in REF. As expected, varying the seafloor sediment distributions did not impact
global model skill noticeably above 1,000 m, but improved skill at intermediate and deep
depths below (Table 4.4). In more detail, the Pacific Ocean basin has a large JεNd

of
3.98 εNd-units under bulk sediment boundary conditions (i.e., REF ), which is improved
under REF-SED3 to 3.04 εNd-units. In contrast, despite substantially more unradiogenic
reactive sediment distributions applied in the North Atlantic compared to the bulk (with
maximum εNd values capped at -28 and -34 within the mobile sediment in REF-SED2
and REF-SED3 respectively, equating to localised differences of over -10 εNd-units: Fig.
4.7d-e), model skill in representing Atlantic εNd is relatively insensitive to these changed
boundary conditions. Overall, we observe a slight decrease in Atlantic model skill, where
JεNd

is 1.63 εNd-units in REF and 1.84 εNd-units in REF-SED2 (Table 4.4). Furthermore,
the JεNd

of the Southern Ocean is sensitive to changing sediment εNd distributions in the
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North Atlantic and Pacific basins, and model skill decreased under the more extreme
sediment εNd boundary conditions (where JεNd

is 0.52 and 1.12 εNd-units in REF and
REF-SED3 respectively), whilst the Arctic and Indian Oceans are relatively insensitive.
We delve into the reasons for such responses and explore spatial seawater εNd distributions
in more detail below.

Table 4.4: Overview of general model skill of the three sensitivity studies exploring labile
seafloor sediment εNd distributions. Displaying global and regional mean absolute error
for εNd (MAE:JεNd

)
Simulation JεNd

global
(n=2,475)

%
within 3
εNd-units

JεNd

surface
(0-200
m)

JεNd

shallow
(200-
1,000 m)

JεNd

mid-depth
(1,000-
3,000 m)

JεNd

deep (>
3,000 m)

JεNd

Atlantic
JεNd

Pacific
JεNd

Indian
JεNd

Southern
Ocean

JεNd

Arctic

REF 2.37 67 2.68 2.26 2.32 1.68 1.63 3.98 2.88 0.52 1.82
REF-SED2 2.26 71 2.59 2.18 2.18 1.52 1.86 3.18 2.94 0.98 1.81
REF-SED3 2.22 73 2.58 2.16 2.09 1.43 1.84 3.04 2.94 1.12 1.80

What we learn from the performance of REF-SED2 and REF-SED3 relative to REF,
is that increasing the mobilisation of radiogenic sediment in the Pacific relative to the bulk
drives Pacific seawater εNd distributions towards more radiogenic values in slightly better
agreement with measurements (Fig. 4.8). In the abyssal North Pacific, between REF,
where seawater εNd is -7.5, and REF-SED3, where seawater εNd is -5.5, there is a change
of +2 εNd-units (see Supplementary Fig. 4.14). This is the largest shift in the magnitude
of major water mass end member εNd within all of the sensitivity simulations. The rest of
the interior of the Pacific undergoes more modest changes of +1 to +2 εNd-units, resulting
from lateral and diapycnal mixing of the benthic flux signal throughout the water column.
The results here broadly support the notion that preferential mobilisation of certain more
reactive and more radiogenic phases (e.g., volcanic ash) within detrital sediment occurs
during early diagenesis (Du et al., 2016; Abbott et al., 2015b,a, 2016a; Wilson et al.,
2013). This labile Nd source, which is more radiogenic than the bulk εNd, interacts with
deep waters via a benthic flux and is necessary to explain in part the observed radiogenic
change in Pacific deep water εNd along its sluggish northward flow path in the absence of
deep-water formation (Haley et al., 2017).

However, even under the considerably radiogenic Pacific sediment forcing applied in
REF-SED3 (where minimum labile seafloor sediment εNd values are regionally capped at
+8 and +10 across the western and eastern equatorial Pacific respectively; Fig. 4.7c), the
general Pacific εNd signal of -6 (Fig. 4.8c) is still too unradiogenic compared to average
water column measurements of -4 εNd in the North Pacific (Amakawa et al., 2009; Fuhr
et al., 2021; Behrens et al., 2018; Fröllje et al., 2016), and especially in the upper 2,000
m (where seawater εNd measurements are -2.5). This implies a missing or misrepresented
highly radiogenic Nd source, possibly capturing strong local particle-seawater exchange
occurring in the upper and intermediate ocean. This finding is supported by suggestions
of highly localised non-conservative Pacific εNd behaviour at depths between 0 and 1,500
m and within 1,000 km of coasts, including radiogenic offsets from conservative mixing
in intermediate waters close to Hawaii, along the eastern coast of Japan, and margins
along the eastern equatorial Pacific (Tachikawa et al., 2017). Our results imply that
these marginal volcanic sediment sources, close to continental inputs with high detrital
and biogenic particle concentrations (that drive strong particle-seawater interactions),
may govern marine εNd distributions in the North Pacific. As such, these shallower and
marginal regions may pose a larger in magnitude and more distinct Nd source to seawater
as opposed to an open-ocean abyssal benthic source; increased measurements at these
locations therefore would greatly improve our understanding of this re-labelling.
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Figure 4.8: Vertical sections of simulated εNd within three seafloor sediment εNd sensitivity
studies (a) REF, (b) REF-SED2, and (c) REF-SED3 along a transect from the Pacific to
Atlantic, traversing the Southern Ocean from West to East. Water column measurements
are imposed as filled circles using the same colour scale. Simulated and measured εNd

from the Pacific are from 150 − 160◦ W, in the Southern Ocean are from 55 − 65◦ S, and
in the Atlantic values are from 20 − 30◦ W.

On the other hand, the more unradiogenic reactive North Atlantic sediment εNd

distributions imposed in REF-SED2 and REF-SED3 (relative to the bulk sediment reconstruction
used in REF ) produces only slightly less radiogenic εNd that are highly localised to
the abyssal northern North Atlantic, with a change of -0.4 εNd-units between REF and
REF-SED3 (Fig. 4.8 and Fig. 4.14). The remaining Atlantic areas bathed in NADW
experience a small adjustment towards more radiogenic values, a response to the radiogenic
Nd sourced in the Pacific propagating into the Atlantic. Here simulated εNd range between
-11 to -10, resulting from a shift of +0.2 to +0.8 εNd-units in NADW in REF-SED2 and
REF-SED3 respectively when compared with REF. It may be that the less radiogenic
sediment εNd forcing in the North Atlantic is required to counter the more radiogenic
southern-sourced water, and without such a source, the entire Atlantic could shift to
more radiogenic values; future simulations exploring the response of seawater εNd to only
the Pacific (or the Atlantic) sediment adjustments would be best suited to explore this.
However, this localised and minor shift of εNd under less radiogenic seafloor benthic fluxes
in the North Atlantic (in REF-SED2 and REF-SED3 ) implies a weak sensitivity of NADW
εNd to forcing from a localised abyssal benthic flux, where the somewhat positive response
is governed by northward mixing from more radiogenic waters from the Southern Ocean.
We thus find evidence that these bottom-water sediment regions are not important for
governing Atlantic εNd, likely because vigorous advection across the seafloor inhibits the
exposure time of seawater to relabelling by a benthic flux. Therefore, most of the modern
Atlantic εNd signal is pre-formed. Further model experiments with sluggish Atlantic
circulation could verify this, but we postulate that Atlantic seawater εNd experiences
an overriding influence from distinct and reactive unradiogenic surface and marginal Nd
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inputs, around key regions of deep-water formation, such as in the Labrador Sea. This
likelihood is brought to the fore by REF-SED3, where NADW remains too radiogenic
despite a large unradiogenic forcing applied across the seafloor, indicating here the benthic
flux signal does not act to relabel seawater εNd markedly along its flow path, and so
does not exert a strong control on water column εNd distributions (Fig. 4.8c). Thus,
it follows that accurate quantification of the mobile abyssal seafloor sedimentary phases
may be of secondary importance in the modern North Atlantic. Instead, we suggest
that future studies should be focussed on resolving upper-intermediate Atlantic Ocean
Nd source isotope distributions (e.g., the magnitude and interactions from river sourced
particulate material, alongside quantifying the fluxes from areas of intense boundary
exchange occurring via sediment-seawater interactions with freshly eroded material near
the margins). Nonetheless, the impact of a benthic flux on North Atlantic seawater εNd

distributions may be different under changed circulation regimes in the Atlantic, which
thus require future explorations.

Finally, in the Southern Ocean, where the Antarctic Circumpolar Current (ACC)
vigorously merges the waters from the Atlantic, Pacific and Indian Oceans, seawater εNd

experiences a shift to more radiogenic values under the modified sediment simulations
(Fig. 4.8). Here, the general Southern Ocean εNd signal increases from -9 in REF to
-8.2 in REF-SED2, and to -8 in REF-SED3. The larger spatial extent of the labile
sediment modifications in the Pacific compared to the Atlantic (Fig. 4.7), coupled with the
higher-amplitude absolute response of Pacific seawater εNd in the sensitivity simulations
drives this radiogenic shift in the εNd in the Southern Ocean. Consequently, the endmember
εNd of Antarctic Intermediate Water (AAIW) and AABW protruding into the South
Atlantic (Fig. 4.8) is most radiogenic in REF-SED3, amplifying the distinctions between
AAIW, NADW and AABW, and enhancing the South Atlantic zig-zag profiles (Goldstein
and Hemming, 2003).

Overall, we consider REF-SED3 – a simulation with optimised parameters (i.e., REF ;
Sect. 4.3.2) and an updated sedimentary boundary condition (Fig. 4.7c), which form a
preliminary first-order coarse-scale representation of large scale labile sedimentary phases
– to have the highest model skill within the sensitivity studies in capturing [Nd]d and εNd

distributions (Fig. 4.9). This simulation is capable of representing with good fidelity the
spatial distributions of modern seawater Nd measurements and supports the preferential
mobilisation of reactive radiogenic volcanic sedimentary components in the Pacific relative
to the bulk εNd under a seafloor-wide benthic-flux driven model of marine Nd cycling.
Yet simulated Pacific εNd in REF-SED3 overall remain too unradiogenic. Future work
could therefore explore the possibility of more spatially heterogeneous and isotopically
unique benthic fluxes. For example, whereby volcanic material, which is more soluble
than well crystalised detrital fractions, may favour elevated benthic fluxes with substantial
radiogenic Nd release.
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Figure 4.9: Global volume-weighted distributions of [Nd]d (left) and εNd (right) in
the optimised simulation REF-SED3 split into four different depth bins, (a-b) shallow
(0-200 m), (c-d) intermediate (200-1,000 m), (e-f) deep (1,000-3,000 m), and (g-h) deep
abyssal ocean (>3,000 m). Water column measurements from within each depth bin
(Osborne et al., 2017, 2015; GEOTRACES Intermediate Data Product Group, 2021) are
superimposed as filled circles using the same colour scale.

4.5 Sensitivity of seawater εNd to a margin constrained versus
a seafloor-wide benthic flux

In order to further explore the sensitivity of seawater εNd distributions to non-conservative
seafloor fluxes, we investigated the difference in simulated marine Nd isotope distributions
between a continental margin constrained versus a seafloor-wide benthic flux whilst all
other parameters were kept constant. At present, it remains undetermined, and even
disputed, whether the chemical transfer of Nd between terrestrial derived particles and
seawater occurs predominantly across continental margins (proximal to large inputs of
distinct and compositionally less mature lithogenic sediment, high eddy kinetic energy,
and high detrital and biogenic particle concentrations promoting rapid exchange reactions:
Lacan and Jeandel 2005b; Jeandel and Oelkers 2015; Tachikawa et al. 2003; Jeandel 2016;
Rousseau et al. 2015), or across the abyssal seafloor (with high particle reactivities and
long term benthic flux exposures of fine-grained sediment ubiquitously spread throughout
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the global ocean: Abbott et al. 2015b, 2019; Du et al. 2016; Abbott et al. 2019). Hence,
we performed a final simulation, using the optimised parameters and updated mobile
sediment εNd boundary conditions from REF-SED3 (Sect. 4.4), but with the sediment
source constrained specifically to the continental margins (where sediment thickness ≥
1,000 m, following the continental margin definition by Robinson et al. (2021), we call this
simulation REF-SED3-MG. See Fig. 4.17 for the gridded εNd sedimentary distributions
of the margin-only flux. In this simulation, fsed is redistributed to the margins proportional
to the surface area, where the constant sediment flux across the margins is 30.75 pmol cm2 yr−1

(compared to a flux of 2.96 pmol cm2 yr−1 when the flux is integrated across the entire
ocean floor). As such, [Nd]d is generally more concentrated above 3,000 m depth and in the
Atlantic and Southern Ocean compared to distributions under a seafloor-wide benthic flux
(see Fig. 4.18 for the difference in [Nd]d between the simulations); note here the following
discussion is focussed on exploring Nd isotope distributions and does not explore these
differences to [Nd]d in further detail.

Overall, there is a marked difference in the response of seawater εNd distributions
between the Atlantic and Pacific basins under simulations with a seafloor-wide (REF-SED3 )
and a margin-only (REF-SED3-MG) marine sediment flux (Fig. 4.10). In the North
Pacific, a benthic flux across the entire seafloor results in a more radiogenic seawater εNd

signal of -6, which sits closer to seawater measurements of -4 (Amakawa et al., 2009; Fuhr
et al., 2021; Behrens et al., 2018; Fröllje et al., 2016) compared to when the sediment
Nd source is only constrained to the margins (where seawater εNd is -8.5). The largest
response of seawater εNd occurs in the abyssal North Pacific (Fig. 4.10 and Fig. 4.21),
and herby reiterates the importance of a benthic flux in governing seawater εNd within
the North Pacific, characterised by long-term exposure of bottom waters, with long water
residence times, to a radiogenic Nd flux from fine-grained sediment of volcanic origin
(Abbott et al., 2015a,b; Du et al., 2016; Abbott et al., 2016a; Haley et al., 2017; Behrens
et al., 2018). Moreover, under the margin-only simulation (REF-SED3-MG), the missing
benthic Nd source and lack of radiogenic input into the Pacific results in the Southern
Ocean εNd signal, which is determined in part by mixing of these Pacific waters, becoming
too unradiogenic (where simulated εNd is -10: Fig. 4.10b) compared to measurements
(where εNd is -8.5: Stichel et al. (2012); Lambelet et al. (2018).
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Figure 4.10: Vertical sections of simulated εNd within sensitivity studies (a) REF-SED3
with a seafloor-wide benthic flux and (b) REF-SED3-MG with a margin-only constrained
benthic flux along a transect from the Pacific to Atlantic, traversing the Southern Ocean
from West to East. Water column measurements are imposed as filled circles using the
same colour scale. Simulated and measured εNd from the Pacific are from 150 − 160◦ W,
in the Southern Ocean are from 55 − 65◦ S, and in the Atlantic values are from 20 − 30◦

W. The continental margins are constrained following the definition by Robinson et al.
(2021), where sediment thickness ≥ 1,000 m.

In contrast, the North Atlantic, characterised by high modern ventilation rates, displays
a limited expression of non-conservative behaviour from seafloor benthic fluxes (Fig.
4.10). Here, a margin-only constrained benthic flux improves model-data fit, resulting
in a more unradiogenic NADW εNd signal of -13, which is in excellent agreement with
measurements for this water mass of -13.2 (Lambelet et al., 2016), compared with -11
simulated under a seafloor-wide benthic flux. Resolving the εNd signal of modern NADW
therefore primarily resides within disentangling the highly reactive and isotopically unique
surface and marginal Nd fluxes (i.e., intense localised regions of boundary exchange),
especially around the locations of deep-water formation, including unradiogenic inputs
originating from the Canadian Shield (where εNd is -28), to localised radiogenic inputs
from Icelandic basaltic rocks (where εNd is +7) (Blaser et al., 2019a; Stichel et al., 2020;
Morrison et al., 2019; Lacan and Jeandel, 2005a; Lambelet et al., 2016). Furthermore,
mixing of the less radiogenic southern-sourced water in the Atlantic likely also contributes
to the more unradiogenic signal of NADW under a margin-only constrained benthic flux.

To summarise, the εNd signal of modern bottom waters within the Pacific Ocean are
sensitive to abyssal benthic flux alterations, whilst bottom water in the North Atlantic
displays a much weaker response. Our results demonstrate the importance of setting apart
the interlinked roles of major sediment Nd sources (their εNd composition, spatial extent,
and reactivity), from physical ocean circulation structure (provenance of water masses
and sites of convection, water ventilation rates and residence time). It would therefore
be beneficial for future work to focus on further disentangling regional environmental
conditions and how they may influence non-conservative marine Nd isotope behaviour
(e.g., constraining pore water redox conditions, productivity, oxygenation, and pH, and
how those conditions may drive benthic Nd fluxes). Moreover future work could explore
the response of seawater εNd distributions to different definitions of the continental margin
extent (e.g., where sediment thickness ≥ 500 m; Robinson et al. (2021)).
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Henceforward, the sensitivity simulations presented here provide a foundation for
future work with the Nd isotope scheme in the FAMOUS GCM to further investigate and
attempt to identify the environmental qualities and spatial regions of seafloor sediment
that likely result in mobilised benthic fluxes within regions that dominate seawater εNd

distributions over water mass mixing in the deep ocean. This would largely benefit from
increased direct measurements of pore water Nd concentration and isotopic composition
alongside a greater understanding of the diagenetic Nd cycle and the role of reversible
scavenging processes. Combined with such ‘observations’, the modelling framework presented
here would allow for the crucial disentangling of non-conservative processes involved in
governing distributions of marine εNd. Based on our results, we contend that the existence
of such limitations in our knowledge is perhaps overconfidently dismissed in the application
of marine Nd isotopes as an ocean circulation and continental weathering tracer.

Finally, we do wish to highlight that our results in Sect. 4.4 and 4.5 only look at the
influence of mobilised seafloor εNd distributions on seawater εNd and do not attempt to
explore how varying these fluxes may overprint the signal of marine archives. Furthermore,
we do not assess the sensitivity of seawater εNd distributions to modified benthic fluxes
under different circulation regimes (i.e., under a weakened AMOC or an enhanced PMOC).
These constitute logical next steps in marine Nd isotope modelling.

4.6 Summary and Conclusions

In this study, we extended the implementation of Nd isotopes (143Nd and 144Nd) in the
ocean component of the FAMOUS GCM by statistically optimising the selected combination
of model parameter values to produce a tuned reference simulation for future investigative
work with the scheme. Within our experimental design we found that the reversible
scavenging, benthic flux magnitude and riverine source scaling all governed the variability
in simulated total Nd inventory. The reversible scavenging efficiency dominated the
variation in the residence time, as well as in model skill at simulating [Nd]d and εNd

consistent with water column measurements. The magnitude of the benthic flux and
riverine source scaling influence model [Nd]d variability under low scavenging efficiencies.

In line with previous studies, the global Nd inventory in REF is 4.27 × 1012 g, owing
to a global mean residence time of 727 years. Of the total Nd source to the ocean, 64% is
apportioned to the seafloor benthic flux, 30% to riverine sources, and 6% to aeolian dust
deposition. Our reference simulation captures the main features of the modern marine
Nd cycle, although the εNd signature of the Pacific is 3 to 4 εNd-units too unradiogenic
compared to seawater measurements, alluding to incongruent dissolution of the bulk
sediment and a likely favouring of interactions from radiogenic volcanic components of
the seafloor sediment that may constitute spatially elevated benthic fluxes.

Model-data inconsistencies in some instances relate to the low resolution of FAMOUS
preventing full resolution of surface point sources, which are highly variable in nature.
Importantly, though, these inconsistencies disclose aspects of the global marine Nd cycle
to focus further detailed investigation. For example, including a better quantification of the
modes and rates of scavenging, an improved understanding of Nd desorption, additional
exploration of river particulates as a major global Nd source to seawater, and the need for
spatial constraints on the isotopic signature and rates of a benthic flux; specifically, strong
localised effects and the physical/environmental conditions driving elevated fluxes. The
optimised simulation therefore forms a well-developed scheme designed to answer specific
outstanding questions regarding the marine Nd cycle.

We performed idealised sensitivity studies using our optimised scheme to test three
different mobile seafloor sediment εNd distributions, investigating regions in the Atlantic
and Pacific where more extreme and highly reactive sediment εNd phases (relative to the
bulk) may be preferentially contributing εNd to the pore water and thus seawater via early
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diagenetic processes. This in part attempts to broadly elucidate to a first order what the
dominant labile εNd signals of the sediment (effective sedimentary Nd release) are under
a seafloor-wide benthic flux driven model of marine Nd cycling, paving the way towards
a more mechanistic global model of the sedimentary Nd budget to seawater. Model skill
for εNd improved globally under a seafloor Nd source that regionally enhanced reactive
sediment phases; for example, preferential mobilisation of highly radiogenic volcanic components
of detrital sediment in the equatorial Pacific can partially explain the radiogenic change in
Pacific deep water along its sluggish northward flow path. However, model-data offsets in
intermediate layers of the Pacific demonstrate that localised marginal volcanic sediment
sources likely pose a larger and more distinct Nd source, as opposed to abyssal seafloor
sediment. The weak sensitivity of NADW to localised highly unradiogenic detrital sources
where water mass mixing governs deep seawater εNd distributions, suggests that an abyssal
benthic flux is of secondary importance in determining the modern deep Atlantic εNd.
Seawater here is more likely influenced by the larger and more distinct reactive unradiogenic
surface and marginal Nd sources in proximity to regions of direct continental weathering
around key convection sites. In a final sensitivity experiment exploring the response of
seawater εNd to a continental margin constrained versus a seafloor-wide benthic flux,
we demonstrate that modern bottom waters within the Pacific Ocean are sensitive to
non-conservative alterations resulting from an abyssal benthic flux, whilst the North
Atlantic displays a limited expression of such effects.

Fundamentally this study demonstrates that despite over a decade of increasing efforts
to constrain and describe the global marine Nd cycle within complex sophisticated global
models, a global framework is limited. Poor quantifications of non-conservative sediment-water
interactions limits the capability of global models to fully resolve end member εNd signals,
with model-data offsets sometimes larger than the εNd shifts observed in the palaeoceanographic
records. Such errors limit the capability of global Nd isotope models to precisely resolve
what climatic or oceanographic conditions may be driving such deviations in seawater
εNd, particularly in untangling complex processes during periods when global weathering
regimes and/or ocean circulation convection rates are largely unconstrained. Moreover,
it is becoming increasingly transparent that there are distinct regional differences in how
modern seawater acquires its εNd signal, in part relating to the interplay of Nd addition
and water advection rates. Moving forwards, regional models, that can better encompass
measured seawater Nd profiles, and provide more complex spatiotemporal representations
of Nd source/sink distributions, may be better positioned to reconcile the marine Nd cycle
and for palaeoceanographic applications.

In closing, this study illustrates that although a benthic flux is an important Nd
source to seawater, and that it can describe key features of the modern marine Nd
cycle, perhaps too much emphasis has recently been placed upon exclusively resolving
non-conservative interactions of an abyssal deep seafloor flux to solve the Nd paradox.
We recommend future studies to continue to explore marine Nd cycling in a holistic way,
advancing constraints on the processes, characteristics, and spatial variability of all major
sediment-water interactions. This should include a particular focus on those processes
influencing seawater εNd at intermediate depths, with the purpose of reliably predicting
localised non-conservative effects and highlighting where they dominate seawater εNd

distributions in the deep ocean. Within such a framework, and under the recent ever-increasing
momentum of studies seeking to resolve the marine Nd cycle, we can edge closer to
unlocking the full potential of Nd isotopes as an oceanographic and climatic tracer.

4.7 Supplementary Information

The base code for FAMOUS is protected under UK Crown Copyright and can be obtained
from National Centre for Atmospheric Science (NCAS) Computational Modelling Services
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(CMS): http://cms.ncas.ac.uk/wiki/UmFamous. The code detailing the Nd isotope
scheme in FAMOUS presented in Chapter 3 of this thesis is available from the Research
Data Leeds Repository (https://doi.org/10.5518/1136). These files are known as
code modification (i.e., ‘mod’) files and should be applied to the original base code for
the model. All the additional (i.e., historical) modification files that are required on
top of the base code to run the simulations described in this chapter are available in
Appendix A. The files and corresponding information that need to be applied to setup the
different simulations presented in this chapter are available from the Research Data Leeds
Repository (https://doi.org/10.5518/1181).

Reference simulations from the Nd isotope scheme optimisation

- XPIAB reference (‘REF’) simulation (0-6,000 years)

- XPIAD Nd concentration reference (‘REF CONC1’) simulation (0-6,000 years)

- XPHJF Nd concentration reference; best performing from parameter analysis
(‘REF CONC2’) simulation (0-6,000 years)

- XPIAC Nd isotope reference (‘REF IC’) simulation (0-6,000 years)

Seafloor sediment Nd isotope distribution sensitivity simulations

- XPIAG reference (‘REF-SED2’) simulation (0-6,000 years)

- XPIAH reference (‘REF-SED3’) simulation (0-6,000 years)

Continental margin constrained benthic flux sensitivity simulation

- XPIAQ reference (‘REF-SED3-MG’) simulation (0-6,000 years)

http://cms.ncas.ac.uk/wiki/UmFamous
https://doi.org/10.5518/1136
https://doi.org/10.5518/1181
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Table 4.5: Model parameter values for REF, abbreviations, and units. Note that only the
fsed, [Nd]p/[Nd]d, and αriver parameter values were varied directly in the parameter space
exploration and model performance optimisation ensemble (as detailed in Sect. 4.2.2, main
text).

Variable Symbol Optimised
parameter
values

Unit

Total Nd concentration [Nd]t - pmol kg−1

Dissolved Nd [Nd]d - pmol kg−1

Particle-associated [Nd]p - pmol kg−1

Nd source, total ftotal 5.9 × 109 g Nd yr−1

Nd source, density Stotal - g Nd m−3yr−1

Dust source, total fdust 3.3 × 108 g Nd yr−1

Dust source, density Sdust - g Nd m−3yr−1

Flux of dust Fdust Hopcroft
and Valdes
(2015)

g m−2yr−1

Nd-concentration dust Cdust 20 µg g−1

Nd-release dust βdust 0.02
Riverine source, total friver 1.8 × 109 g Nd yr−1

Riverine source, density Sriver g m−2yr−1

River discharge RIVER - g m−2yr−1

Riverine scaling factor αriver 4
Nd concentration river Criver - µg g−1

Nd removal, estuaries γriver 0.7
Sediment source, total fsed 3.8 × 109 g Nd yr−1

Sediment source, density Ssed - g Nd m−3yr−1

Total sediment surface Atotal - m2

Gridbox sediment surface A(i, k) - m2

Gridbox volume V (i, k) - m3

Thickness of euphotic layter zeu 81 m
Penetration depth of opal lopal 10,000 m
Penetration depth of CaCO3 lcalcite 3,500 m
Particle settling velocity ω 1,000 m yr−1

Ratio [Nd]p to [Nd]d [Nd]p/[Nd]d 0.00448
Global average density of seawater p 1,024.5 kg m−3

Reversible scavenging, density Srs - g Nd m−3yr−1

Partition coefficient for POC KPOC 1.53 × 106

Partition coefficient for CaCO3 KCaCO3
7.14 × 105

Partition coefficient for opal Kopal 8.6 × 105

Partition coefficient for dust Kdust 2.59 × 106

Total Nd inventory after equilibrium Nd(I) 4.27 × 1012 g
Residence time τNd 727 years
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Figure 4.11: Central panel (g) displays [Nd]d at the seafloor for the final, optimised model
configuration, REF (100-year mean from the end of the simulation), with superimposed
water column measurements (Osborne et al., 2017, 2015; GEOTRACES Intermediate Data
Product Group, 2021) from ≥ 3,000 m shown by filled coloured circles. Surrounding
panels (a-f) and (h-m) display depth profiles of simulated (coloured lines: REF in red,
REF CONC1 in green, REF CONC2 in black, and REF IC in blue) and measured (filled
circles) [Nd]d; see Sect. 4.2.2 of the main text for a full description of the optimised
model configurations. Note that simulated [Nd]d in REF is consistently too low in much
of the shallow-intermediate Atlantic (Sect. 4.3.2, main text), alluding to the model not
capturing localised surface point sources here, but otherwise there is broadly very good
agreement between simulated and measured [Nd]d, indicating that the model captures the
major sources, sinks and internal cycling governing marine [Nd]d.
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Figure 4.12: Central panel (g) displays εNd at the seafloor for the final, optimised model
configuration, REF (100-year mean from the end of the simulation), with superimposed
water column measurements (Osborne et al., 2017, 2015; GEOTRACES Intermediate Data
Product Group, 2021) from ≥ 3,000 m shown by filled coloured circles. Surrounding
panels (a-f) and (h-m) display depth profiles of simulated (coloured lines: REF in red;
REF CONC1 in green; REF CONC2 in black; and REF IC in blue) and measured (filled
circles) εNd; see Sect. 4.2.2 of the main text for a full description of the optimised model
configurations. Note that simulated εNd in REF is too unradiogenic in the Pacific (Sect.
4.3.2, main text), alluding to the preferential dissolution of radiogenic volcanic components
of the sediment across the seafloor, which are not effectivity captured by the bulk sediment
εNd source.
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Table 4.6: Adjustments to the seafloor sediment εNd distributions used as a boundary
condition for the REF-SED2 and REF-SED3 simulations (gridded maps shown in Fig.
4.13) compared to the seafloor-wide distributions produced by Robinson et al. (2021) and
used by to Robinson et al. (2022a) and the REF simulation in this study. Bounding
longitude and latitude coordinates are given for the modified regions. The imposed
εNd thresholds applied to the REF-SED2 and REF-SED3 seafloor source are based on
information in the cited texts, as explained in Text S4.1.

Region Lat
min

Lat
max

Lon
min

Lon
max

SED2 εNd

threshold
SED3 εNd

threshold

Background Pacific -40 70 117 260 < −5 ¡-4
Western Equatorial
Pacific and northwest
subtropical Pacific

-5 30 100 130 < +4 < +4

Oceania -15 10 130 165 < +7 < +8
North-eastern Pacific 20 50 230 260 < +1 < +1
Eastern Equatorial
Pacific

0 20 245 275 < +4 < +10

North-west North
Atlantic

30 75 270 340 > −28 > −34

Text S4.1: Choice of soluble εNd signals applied in the REF-SED2 and REF-SED3
sensitivity simulations

Supplementary Table 4.6 summaries the modifications we made to the seafloor εNd

flux estimated by Robinson et al. (2022a) for the REF-SED2 and REF-SED3 sensitivity
simulations. Here, we explain those choices.

The updated soluble εNd signal in the Pacific for REF-SED2 and REF-SED3 is based
upon evidence from substantial model-data imbalances in the Nd isotope budgets in the
North Pacific (Tachikawa et al., 2003; Jones et al., 2008; Tachikawa et al., 2017). The
evidence suggests the widespread detrital Nd across the central Pacific, which is composed
of Asian continent derived lithogenic dust is inert, and implies that there is potential for
preferential contributions of more radiogenic components in the sediment (Du et al., 2016;
Wilson et al., 2013). Specifically, the minimum threshold εNd chosen for the ‘Background
Pacific’ region for REF-SED2 of -5 follows those applied in the recent global Nd isotope
scheme by Pasquier et al. (2021). This εNd threshold is then increased moderately to -4 in
REF-SED3 to investigate the sensitivity of a more radiogenic seafloor sedimentary source
from the abyssal Pacific.

Along the western Pacific margins, numerous studies have demonstrated the relabelling
of water masses by a radiogenic lithogenic source, particularly by remobilised sediments
from highly reactive basaltic volcanic islands, demonstrating that these are critical areas in
determining the εNd features of northward flowing Pacific equatorial water masses (Grenier
et al., 2013; Lacan and Jeandel, 2005b; Fuhr et al., 2021; Tachikawa et al., 2003; Behrens
et al., 2018; Molina-Kescher et al., 2018; Lacan and Jeandel, 2001). The threshold εNd

values for the ‘Western Equatorial Pacific and northwest subtropical Pacific’ region, is set
to +4 in both REF-SED2 and REF-SED3, applying the average estimated εNd of the
proximal radiogenic volcanic islands and their margins here, specifically the radiogenic
εNd signals from the Philippines and the north-eastern Japanese arc (Robinson et al.,
2021). Moreover, the threshold εNd values for the ‘Oceania’ region of +7 for REF-SED2
relates to the estimated highly radiogenic Nd input signal across Papua New Guinea and
its adjacent islands by Lacan and Jeandel (2005a), where remobilised sediment from these
volcanic islands are believed to govern seawater εNd distributions. This threshold was
then increased to +8 in REF-SED3 to represent a more extreme contribution from these
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volcanic sediments, using the most radiogenic marginal εNd sediment distributions around
Oceania from the detrital compilation by Robinson et al. (2021).

Additionally, a dominant radiogenic contribution from the central American volcanic
hotspots and island arcs around the Eastern Equatorial Pacific (EEP) and Northeast
Pacific margins has been observed, including a direct radiogenic εNd pore water flux
measurement (Du et al., 2016; Abbott et al., 2015b,b; Grasse et al., 2012; Hu and Piotrowski,
2018). The threshold value applied for the ‘Northeast Pacific’ region of +1 in both
REF-SED2 and REF-SED3, follows the reference εNd external input value to seawater
predicted for the North Pacific (+0.8 to +1) (Tachikawa et al., 2003; Hu and Piotrowski,
2018), and is approximate to the pore fluid εNd values measured across the Oregon margin,
which range from -1.8 to -0.2 (Abbott et al., 2015a). Regarding the ‘Eastern Equatorial
Pacific’ region, the threshold εNd value of +4 applied in REF-SED2 is based upon the
dominant proximal Nd sources governing seawater distributions from the central American
arcs and the Galapagos archipelago (with measurements ranging from 0 to +5) (Hu and
Piotrowski, 2018). This εNd threshold for the Eastern Equatorial Pacific’ was subsequently
increased to +10 to reflect more intense exchange in REF-SED3 from dissolution of easily
weatherable volcanogenic particles, imposing the most extreme radiogenic εNd sediment
distribution estimated by Robinson et al. (2021) in this region (sediment εNd measurements
of +10 located in the Galapagos archipelago).

On the other hand, the choice of the modified unradiogenic εNd signal in the Atlantic
is based upon evidence mainly from the northern Northwest Atlantic of an unradiogenic
lithogenic Nd source to seawater. Areas of intense exchange of Nd between the sediment
and seawater are thought to occur predominantly from highly unradiogenic Archean age
Laurentide detrital sediment (with εNd of -28 measured on reactive carbonates: Blaser
et al. 2019b), thought to represent a key reactive phase contributing a substantial Nd
source to surrounding deep waters (Blaser et al., 2019b, 2020; Lacan and Jeandel, 2005a).
As such, the εNd threshold value for the ‘North-west North Atlantic’ region in REF-SED2
is set to -28 to encompass this intense and unradiogenic exchange. The more extreme εNd

threshold applied in REF-SED3 of -34 represents a dominant exchange signal from the
most unradiogenic detrital sediment phases in the North-west North Atlantic region, which
occur in detrital measurements from Early Archean rock around southwest Greenland
(Robinson et al., 2021).
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Figure 4.13: Gridded global seafloor sediment εNd used in the sensitivity tests of the
sediment-ocean boundary condition, including (a) REF, the bulk sediment εNd signal as
presented in Figure 4; Robinson et al. (2021); and (b) REF-SED2 and (c) REF-SED3, two
modified sediment εNd maps of different extremity designed to test the hypothesis that
certain reactive sedimentary phases dominate sediment-seawater interactions. See Sect.
4.4 of the main text for a full description of the experiment, and Table 4.6 and Text S4.1
for the specific definition and choice of the regional sediment εNd thresholds.
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Figure 4.14: Difference between εNd simulated in REF (where the seafloor sediment source
is based only on bulk sediment εNd), and (a) REF-SED2, and (b) REF-SED3 following
adjustments to the sediment source described in Table 4.6 and Text S4.1. [Nd]d remains
the same in all simulations since there were no changes to those model inputs.

Figure 4.15: Comparison of [Nd]d in (a) EXPT RS4, from Robinson et al. (2022a),
(b) REF, the optimised simulation (Sect. 4.3.2, main text); note that REF-SED2 and
REF-SED3 are identical to REF for [Nd]d, since no adjustment was made to the amount
of Nd entering the ocean from sediments in those simulations.
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Figure 4.16: Comparison of εNd in (a) EXPT RS4, from Robinson et al. (2022a), (b)
REF, the optimised simulation (Sect. 4.3.2, main text), and (c) REF-SED3, the optimised
simulation with updated mobile sediment εNd boundary conditions (Sect. 4.4, main text).

Figure 4.17: Gridded global sediment εNd distributions at the sediment-ocean interface
used as sediment source boundary conditions in the Nd isotope scheme in FAMOUS for
simulation REF-SED3-MG, investigating the sensitivity of seawater εNd to a margin-only
constrained sediment source (Sect. 4.5, main text). The continental margins are delineated
following the definition by Robinson et al. (2021), where sediment thickness ≥ 1,000 m.



166 CHAPTER 4. OPTIMISATION OF THE ND ISOTOPE SCHEME

Figure 4.18: Vertical sections of simulated [Nd]d within sensitivity studies (a) REF-SED3
with a seafloor-wide benthic flux and (b) REF-SED3-MG with a margin-only constrained
benthic flux along a transect from the Pacific to Atlantic, traversing the Southern Ocean
from West to East. Water column measurements are imposed as filled circles using the
same colour scale. Simulated and measured [Nd]d from the Pacific are from 150−160◦ W,
in the Southern Ocean are from 55 − 65◦ S, and in the Atlantic values are from 20 − 30◦

W. The continental margins are constrained following the definition by Robinson et al.
(2021), where sediment thickness ≥ 1,000 m.
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Figure 4.19: Comparison of simulated [Nd]d between a seafloor-wide (REF-SED3 ) and
a margin-only constrained (REF-SED3-MG) sediment source, see Sect. 4.5 of the main
text for a full experiment description. Central panel (g) displays εNd at the seafloor for
the optimised seafloor-wide benthic flux simulation with updated mobile sediment εNd

boundary conditions: REF-SED3 (100-year mean from the end of the simulation), with
superimposed water column measurements (Osborne et al., 2017, 2015; GEOTRACES
Intermediate Data Product Group, 2021) from ≥ 3, 000 m shown by filled circles on the
same colour scale. Surrounding panels (a-f) and (h-m) display depth profiles of simulated
(coloured lines: REF-SED3 in red, and REF-SED3-MG in blue) and measured (filled
circles) [Nd]d. Larger shifts in the [Nd]d between the two simulations highlight regions
most sensitive to a margin constrained versus a seafloor wide sediment source.
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Figure 4.20: Comparison of simulated εNd between a seafloor-wide (REF-SED3) and a
margin-only constrained (REF-SED3-MG) sediment source, see Sect. 4.5 of the main
text for a full experiment description. Central panel (g) displays εNd at the seafloor for
the optimised seafloor-wide benthic flux simulation with updated mobile sediment εNd

boundary conditions: REF-SED3 (100-year mean from the end of the simulation), with
superimposed water column measurements (Osborne et al., 2017, 2015; GEOTRACES
Intermediate Data Product Group, 2021) from ≥ 3, 000 m shown by filled circles on the
same colour scale. Surrounding panels (a-f) and (h-m) display depth profiles of simulated
(coloured lines for simulations: REF-SED3 in red, and REF-SED3-MG in blue) and
measured (filled circles) εNd. Larger shifts in the εNd between the two simulations highlight
regions most sensitive to a margin constrained versus a seafloor wide sediment source.
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Figure 4.21: Difference between εNd simulated in REF-SED3 (with a seafloor-wide
benthic flux) and REF-SED3-MG (with a margin-only constrained benthic flux) using
the optimised seafloor-wide benthic flux simulation with updated mobile sediment εNd

boundary conditions (Sect. 4.5, main text): REF-SED3 minus REF-SED3-MG. Note the
vertical gradients for the Pacific and Southern Ocean compared to the weaker response in
the Atlantic.
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Chapter 5

Discussion and conclusions

5.1 Summary

The overarching aim of this thesis was:

To investigate and constrain the global marine Nd cycle within a fast, full complexity
general circulation model, and apply uncertainty quantification techniques to facilitate

parameter space exploration and calibration

In Chapter 1 this overarching aim was broken down into three main research questions:

RQ1) How accurately can modern Nd isotope distributions (εNd) be simulated in a
fast coupled atmosphere-ocean general circulation model?

RQ2) What are the limitations of the Nd isotope scheme, and do they challenge the
general assumptions underpinning the interpretive framework of marine Nd cycling and
its fundamental applications as a robust ocean circulation tracer?

RQ3) To what extent can a seafloor-wide benthic flux explain non-conservative behaviour
of Nd isotopes under a global model of marine Nd cycling, and to what extent can global
bulk sedimentary εNd distributions represent a labile sedimentary flux to seawater?

The research chapters of this thesis (Chapters 2, 3 and 4) addressed these questions.
This was accomplished by first developing new global maps representing the Nd isotope
distributions across the continental margins, and, for the first time, across the seafloor
(Chapter 2). These global seafloor εNd maps were then applied as model boundary
conditions for the development of the Nd isotope scheme in FAMOUS (Chapter 3); enabling
the scheme presented in this study to represent a seafloor-wide benthic flux under a
complex numerical model of the marine Nd cycle. Here substantial effort was made to
revisit and revise all the key processes understood to govern marine Nd isotope distributions.
The new scheme was then statistically optimised to best represent the modern marine Nd
cycle (Chapter 4), providing constraints on major marine Nd budgets. The accuracy with
which FAMOUS simulated modern Nd concentration ([Nd]) and isotope distributions was
examined in both Chapters 3 and 4, and limitations of the scheme were contextualised
under current assumptions inherent to the applications of Nd isotopes as a tracer of ocean
circulation and climate. Sensitivity experiments assessing the importance of different
components of Nd cycling (reversible scavenging efficiency, additional release of Nd from
river sourced particulate material, and the magnitude, spatial extent, and Nd isotope
distributions of a seafloor benthic flux) on seawater Nd distributions were performed in
Chapters 3 and 4. These investigations then permitted an assessment in Chapter 4 of how
important the benthic flux is for governing seawater Nd distributions.

In this ‘Conclusions’ chapter, I synthesise how the previous chapters answer the
research questions and address the overarching aim of this thesis, including exploring
the impacts of the research, and outline limitations and future directions of work.

171
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5.2 Answering the research questions

5.2.1 RQ1: How accurately can modern Nd isotope distributions be
simulated in a fast coupled atmosphere-ocean general circulation
model?

Before a new Nd isotope scheme could be implemented into FAMOUS, and to facilitate
the most accurate representation of our current knowledge of the marine Nd cycle, a
considerable improvement of Nd source identification was necessary.

A decade and a half ago, the previous seminal map of the εNd distributions at the
continental margins by Jeandel et al. (2007) was developed, incorporating 246 published
sedimentary εNd measurements. Chapter 2 of this thesis synthesised an extensive and
up-to-date compilation of over 5,100 published and new terrestrial and marine sedimentary
εNd measurements. This revised database was then used to construct high-resolution
global gridded maps, updating the continental margin εNd map by Jeandel et al. (2007),
and, for the first time, extending this map to estimate the sedimentary εNd distributions
across the entire seafloor (Fig. 5.1). These seafloor sedimentary εNd distributions are now
a crucial model pre-requisite under the new benthic flux hypothesis (Robinson et al., 2021;
Abbott et al., 2015a; Haley et al., 2017).

Figure 5.1: Nd isotope signature of the global sediment-water interface (Robinson et al.,
2021). This final characterisation of global εNd distributions at the sediment-ocean
interface uses the continental εNd map extrapolated to where sediment thickness ≥ 1, 000
m, and the remaining sediment regions are represented using the seafloor εNd map. Figure
reproduced from Chapter 2.

Moreover, Nd sourced from aeolian deposition was updated relative to previous schemes
in Chapter 3. First, a more recent annual mean dust deposition boundary condition for the
pre-industrial, as simulated by the atmosphere component of the Hadley Centre Global
Environmental Model version 2 (HadGEM2-A: Collins et al. 2011) General Circulation
Model (GCM) was employed. Secondly, the εNd composition of the dust flux was revised,
building upon the initial basinal estimates by Tachikawa et al. (2003). Here, additional
constraints were applied to account for dust plume expansions as reported by Mahowald
et al. (2006), combined with the mean εNd of the respective source regions, as determined
by the global compilation of detrital εNd data by Blanchet (2019). The Nd sourced from
rivers was updated by imposing a scaling onto the riverine source, based on recent findings
suggesting a particulate river flux as a major Nd source (Rahlf et al., 2021; Rousseau et al.,



5.2. ANSWERING THE RESEARCH QUESTIONS 173

2015). This riverine scaling was used to examine enhanced Nd sourced at river mouths
and explored in Chapter 4. Finally, in an effort to best represent the internal cycling of Nd
via reversible scavenging, recent particle-export fields based on satellite-derived primary
production were used (Dunne et al., 2007, 2012). These particle fields formed a best
data-driven estimate of biogenic particle concentrations, and reduced biases that would
have resulted instead from applying the highly simplified optional ocean biogeochemistry
module in FAMOUS (Dentith et al., 2020; Palmer and Todderdell, 2001).

Revising all the key processes understood to govern global marine Nd isotope distributions
allowed the most up-to-date model boundary conditions and model parameterisations
to be created for the development of the Nd isotope scheme in FAMOUS; addressing
‘OBJ1: Estimate the bulk εNd distributions of seafloor detrital sediment across the
continental margins and seafloor’, and ‘OBJ2: Implement Nd isotopes into a fast coupled
atmosphere-ocean general circulation model, revisiting and updating key source and sink
parameters’ (Chapter 1, Sect. 1.4).

Experiments performed in Chapter 3, which first employed these updated Nd source/sink
boundary conditions, revealed the new Nd isotope scheme is sensitive to Nd source and
biogeochemical processes, demonstrating the success of the scheme (and its boundary
conditions) in representing key features which govern distributions of Nd in seawater
(e.g., Tachikawa et al. 2017; van de Flierdt et al. 2016). For example, model sensitivity
to the reversible scavenging efficiency highlighted its importance for determining the
characteristic increase in [Nd] with depth and along the circulation pathway. Reversible
scavenging also enhanced the regional basinal gradients in simulated εNd, in correspondence
with seawater measurements (Bertram and Elderfield, 1993; Siddall et al., 2008b). Sensitivity
to the magnitude of a spatially uniform seafloor-wide benthic flux in Chapter 3 illustrated
it was a major intermediate and deep ocean Nd source. A benthic flux influenced marine
Nd distributions at depths below 500 m, where there was no direct input from dust and
river sources. Moreover, the εNd of the sediment source set the blueprint for simulated
seawater εNd distributions. Overall, these sensitivity studies addressed ‘OBJ3: Explore
the sensitivity of simulated Nd isotope distributions to different components of the marine
Nd cycle’ (Chapter 1, Sect. 1.4).

The Nd isotope scheme was statistically optimised in Chapter 4, using only 23 simulations
(instead of the 100+ used in previous studies; Gu et al. 2019; Pöppelmeier et al. 2020b;
Rempfer et al. 2011), to best represent modern measurements of seawater [Nd] and εNd.
Here, a recent seawater Nd compilation (Osborne et al., 2017, 2015) was augmented with
additional measurements including data from the most recent GEOTRACES Intermediate
Data Product 2021 (GEOTRACES Intermediate Data Product Group, 2021) from
GEOTRACES cruises (GA02, GA08, GP12, GN02, GN03 and GIPY05), making it the
largest compilation used to validate the performance of a Nd isotope enabled model to
date. For example, the isotope scheme in FAMOUS was validated using a compilation of
3,278 seawater εNd measurements, compared to 880 measurements used to validate the
pioneering isotope scheme in Bern3D by Rempfer et al. (2011); that’s nearly 2,400 more (or
nearly a fourfold increase in the number of) measurements for the comparison. The model
calibration used a Gaussian Process emulator and history matching to facilitate parameter
space exploration. This method has not yet been applied to any Nd isotope model and
addressed ‘OBJ4: Statistically optimise the Nd isotope scheme to best represent the
modern marine Nd cycle’ (Chapter 1, Sect. 1.4).

Altogether, the calibrated simulation (named ‘REF ’) captures the main processes of
modern marine Nd cycling, with a total Nd inventory of 4.27×1012 g and a residence time
of 727 years. Such features, alongside Nd source magnitudes and their global distributions
are highly comparable with estimates from previous schemes (Rempfer et al., 2011; Gu
et al., 2019; Pöppelmeier et al., 2020a; Arsouze et al., 2009).

Global mean absolute error (MAE), which explores the difference in simulated values
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from the seawater measurements, for [Nd] was 8.83 pmol kg−1 and for εNd was 2.37
εNd-units in REF. Overall, the scheme simulates [Nd] that closely match seawater measurements
(Fig. 5.2a-b), especially in the interior of the ocean (below 1,000 m), with highest [Nd]
of approximately 50 pmol kg−1 that match measurements with high fidelity in the deep
Pacific (below 5,000 m). However, the scheme consistently underestimates [Nd] in the
surface and near-surface layers (with model-data disparities in the upper 1,000 m across
all basins), and particularly close to continental margins; for example, where simulated
[Nd] around continental margins in the Labrador Sea is 3 pmol kg−1 compared to measured
[Nd] of 70 pmol kg−1, and the Sea of Japan, where simulated [Nd] is 2 pmol kg−1 compared
to measured [Nd] of 50 pmol kg−1. Such model-data offsets, can, in part be explained by
the low spatial resolution of FAMOUS which limits full representation of point surface
inputs, which are highly variable in nature. Yet these underestimations also imply there is
too strong particle scavenging occurring in the surface layers and/or a misrepresentation
of elevated surface and marginal Nd sources.

Figure 5.2: Basin averaged [Nd] ((a); North and South Atlantic, (b); North and South
Pacific and Southern Ocean) and εNd profiles ((c); North and South Atlantic, (d); North
and South Pacific and Southern Ocean) with depth in REF. The mean and standard
deviation of modern seawater measurements (Osborne et al., 2017, 2015; GEOTRACES
Intermediate Data Product Group, 2021) are calculated for each vertical grid level and
represented by the thinner dashed lines and error bars. The mean and standard deviation
of the model are represented by the thicker solid line and lighter coloured ribbon. Figure
reproduced from Chapter 4.

Regarding εNd, the scheme represents modern εNd measurements with moderate skill
in the deep ocean interior (MAE = 1.68 at depths > 3,000 m), and in the Atlantic and
Southern Ocean (MAE = 1.63 and 0.52 respectively). Alternatively, localised model-data
disparity for εNd occurs within the surface layers (MAE = 2.68 at depths ≤ 200 m),
and likely due to similar reasons outlined above for simulating [Nd], alongside model
boundary conditions not capturing the mobile and spatially elevated Nd isotope signal
that is driving surface/near-surface particle-seawater interactions. The largest offset in
simulated εNd from seawater measurements occurs in sluggish waters of the North Pacific
(MAE = 3.98). Here simulated Nd isotope distributions are consistently 3-4 εNd-units too
unradiogenic, a feature common amongst sophisticated global Nd isotope enabled models
(Jones et al., 2008; Arsouze et al., 2009; Rempfer et al., 2011; Gu et al., 2019; Pöppelmeier
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et al., 2020a). Importantly this offset demonstrates that a spatially uniform benthic flux of
bulk sediment εNd cannot sufficiently capture the mobile radiogenic sediment components
interacting with seawater in the Pacific. This supports the notion of a discriminatory
contribution of certain ‘reactive’ sediment phases (Abbott et al., 2015a; Wilson et al.,
2013; Du et al., 2016; Jones et al., 2008; Pearce et al., 2013; Rousseau et al., 2015),
and a likely favouring of interactions from radiogenic volcanic components of the seafloor
sediment.

Distinct variations in seawater εNd are represented in the scheme, which capture
important large-scale ocean circulation features such as water mass structure within ocean
regions characterised by modern high ventilation rates. This is observed particularly in
the Atlantic Ocean where simulated εNd depth profiles in the South Atlantic co-vary
with salinity (Fig. 5.3), suggesting water mass advection and mixing are the primary
control on deep-water εNd distributions here, and encompassing the unique Atlantic water
mass zig-zag profiles (Goldstein and Hemming, 2003). Overall, this demonstrates the
Nd isotope scheme can represent εNd features with greater accuracy in regions where
large-scale ocean circulation and mixing dominate distributions, whereas larger biases
occur in regions characterised by more sluggish circulation, where seawater εNd are more
influenced by highly complex and hard to resolve particle-seawater interactions.

Figure 5.3: The conservative water mass tracer properties of εNd in the optimised ‘REF ’
simulation in the Atlantic Ocean, as indicated by simulated εNd (coloured) and salinity
(contours) in a cross section of the Atlantic (20 − 30◦ W), compared with water column
measurements of εNd (filled circles using the same colour scale). Figure reproduced from
Chapter 4.

Thus, in answer to the original research question, the FAMOUS GCM can simulate Nd
isotopes with sufficient accuracy to capture the influence of the various physical/biogeochemical
processes to which Nd isotope distributions are known to be sensitive (i.e., inputs/sinks,
internal cycling, large-scale ocean circulation, and water mass structure). The new scheme
has provided a new tool capable of quantitively investigating the global marine Nd cycle,
including exploring emerging paradigms at the forefront of our understanding of the marine
Nd cycle.

However, despite efforts to revise model boundary conditions and update descriptions
of the main processes believed to drive marine Nd cycling, model-data inconsistencies
occur. These inaccuracies limit the ability of the model to resolve water mass end member
εNd signals with high fidelity, especially in the Pacific. However, the scheme importantly
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highlights that there are key regional differences in the processes that drive seawater
εNd distributions. For example, the εNd signal in the well-ventilated North Atlantic is
predominantly governed by large-scale ocean circulation, and better represented in the
scheme. Whereas, in the sluggish Pacific, εNd are sensitive to the representation of
the benthic flux, and the simulated seawater εNd is not well resolved. Consequently, if
sophisticated global Nd isotope models, such as the one presented in this study, are to be
used to resolve large-scale ocean circulation properties of Nd, and help provide context to
the palaeoceanographic Nd record, there needs to be improved spatiotemporal constraints
on localised/regional differences in how seawater acquires its εNd signal. Moreover, resolving
the interplay of Nd addition and removal versus water mass advection time and mixing is
especially important under instances where we do not know the strength of advection (e.g.,
during the Last Glacial Maximum; see Lynch-Stieglitz 2017, for a review), approximately
20 thousand years ago (ka).

5.2.2 RQ2: What are the limitations of the Nd isotope scheme, and do
they challenge the general assumptions underpinning the interpretive
framework of marine Nd cycling and its fundamental applications
as a robust ocean circulation tracer?

The interpretative framework of marine Nd cycling, which forms its applications to trace
both modern and past water provenance and circulation, assumes: (1) the εNd of a water
mass is geographically distinct and relates to its origin, and (2) seawater εNd away from
continental margins behaves conservatively, and corresponds to large-scale water mass
mixing (Goldstein and Hemming, 2003; van de Flierdt and Frank, 2010; Tachikawa et al.,
2017).

One limitation of the Nd isotope scheme in FAMOUS, was the consistently too low
[Nd] simulated in the surface and near-surface layers, as detailed in Sect. 5.2.1. Such
[Nd] underestimations eluded towards biases in the simplified global parameterisation of
reversible scavenging that was too strong in the upper layers, alongside the misrepresentation
of elevated surface and marginal sources. Moreover, the scheme also produced regional
model-measurement disparities regarding resolving water mass end member εNd signals.
The greatest of these imbalances occurred in the North Pacific, whereby simulated εNd is
too unradiogenic compared to measurements (Fig. 5.2). Further disparities occurred in the
northern North Atlantic, where the εNd signal of North Atlantic Deep Water (NADW) was
too radiogenic compared to measurements, particularly around the mouth of the Labrador
Sea (Fig. 5.4). These limitations signify foremost that the scheme is likely not capturing
strong local particle-seawater Nd exchange occurring at shallow-intermediate depths, and
particularly close to margins.
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Figure 5.4: Volume-weighted distributions of εNd in simulation EXPT SED2 split into two
different depth bins, (a) shallow (0-200 m), and (b) intermediate (200-1,000 m) within the
North Atlantic and Labrador Sea basins. Water column measurements from within each
depth bin (Osborne et al., 2017, 2015; GEOTRACES Intermediate Data Product Group,
2021) are superimposed as filled circles using the same colour scale. Figure reproduced
from Chapter 3.

Sensitivity studies in Chapter 4 explored how the regional heterogeneity of sediment
reactivity and its isotope composition influenced seawater εNd distributions. These studies
demonstrated that in the modern oceans, the Pacific is sensitive to the influence of
a benthic flux (Fig. 5.5). Such non-conservative behaviour of seawater εNd under a
widespread sedimentary Nd source demonstrates that the εNd of a water mass can evolve
due to processes (e.g., sediment dissolution) which are not reflective of large-scale circulation
and mixing. However, the North Atlantic in comparison displayed minor responses towards
modified benthic fluxes, implying a more conservative behaviour of modern NADW; although
non-conservative effects from reversible scavenging still influence Atlantic εNd distributions,
which are shifted to greater depths in the water column compared to salinity (a conservative
water mass tracer) (Fig. 5.3).
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Figure 5.5: Vertical sections of simulated εNd within three seafloor sediment εNd

sensitivity studies testing (a: REF ) the bulk sediment εNd signal and (b; REF-SED2
and c; REF-SED3 ) representing two modified sediment εNd maps of increasing
magnitude to investigate the hypothesis that certain reactive sedimentary phases dominate
sediment-water interactions along a transect from the Pacific to Atlantic, traversing the
Southern Ocean from West to East. Water column measurements are imposed as filled
circles using the same colour scale. Simulated and measured εNd from the Pacific are from
150 − 160◦ W, in the Southern Ocean are from 55 − 65◦ S, and in the Atlantic values are
from 20 − 30◦ W. Figure reproduced from Chapter 4.

Overall, the Nd isotope scheme in FAMOUS illustrates that water masses carry
a distinct εNd relating to external Nd inputs from continental weathering, alongside
particle-seawater exchange. Hereby highlighting to some extent, that seawater εNd can
reflect geographically distinct water mass provenance properties, confirming general assumptions
that seawater εNd is sensitive to changes in large-scale ocean circulation. However, simulated
seawater εNd is also sensitive to multiple non-conservative forcings, consistent with recent
observational and modelling investigations (e.g., Abbott et al. 2015a; Du et al. 2016;
Gu et al. 2019; Haley et al. 2017; Jones et al. 2008; Lacan and Jeandel 2005a; Paffrath
et al. 2021; Pöppelmeier et al. 2020b; Rahlf et al. 2021; Rempfer et al. 2011; Rousseau
et al. 2015; Siddall et al. 2008b); such processes are not always limited in proximity
to continental margins, and have different regional effects across depths and between
basins. Although such non-conservative behaviour demonstrates the potential capability of
seawater εNd to capture climatically driven changes (e.g., changes to large-scale weathering
regimes), this behaviour, which falls out of the assumed conservative tracer properties of
εNd (Goldstein and Hemming, 2003), are often overlooked in the simplified conceptual
models used to interpret large-scale ocean circulation from seawater εNd (e.g., Gutjahr
et al. 2008; Jonkers et al. 2015; Piotrowski et al. 2004; Roberts et al. 2010; Rutberg et al.
2000). Moreover sediment-water interactions continue to be elusive and poorly quantified.
As such, the evaluation of Nd isotope records, and how they reflect global ocean circulation
regimes, needs to consider changed weathering and ocean convective regimes, biological
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productivity, and environmental conditions on regional scales.

Interestingly though, and despite the role of non-conservative effects from the benthic
flux (and reversible scavenging) away from continental margins, water mass εNd required
considerable forcings (where sediment regions were modified by up to 10 εNd-units across
the seafloor in the Pacific and Atlantic Oceans) to change end member εNd signals (where
the maximum response of seawater of +2 εNd-units occurred in the abyssal North Pacific).
This relative insensitivity to sediment εNd forcings suggests, to a first order, that there
may be a potential for a resilience of seawater εNd to significant detrital inputs (resulting,
for example, from changed weathering regimes). This resilience is most likely in oceanic
regions with sufficient ventilation and limited benthic flux exposure times; as shown in
Chapter 4 for simulated εNd in the modern Atlantic under different benthic flux εNd

reactivities and spatial extents (i.e., seafloor-wide versus margin only benthic fluxes).

Thus, in answer to the original research question, the main limitations of the Nd
isotope scheme relate to the still poor quantification of non-conservative sediment-seawater
interactions, which limits fully resolving end member εNd signals, and to biases resultant
from the inherent low resolution of the model. These non-conservative processes, of which
their influence on seawater εNd signals vary on regional scales, challenge fundamental
assumptions that the εNd signal of a water mass always relates to its origin. Seawater can
be overprinted with an εNd signal resulting from a benthic flux along its deep-water flow
path or modified within the water column via vertical downward transport from reversible
scavenging; both these processes result in non-conservative behaviour of εNd away from
proximal margins. The results from this thesis illustrate that the applications of εNd as a
robust ocean circulation tracer require more careful interpretations to correctly disentangle
the ocean circulation signal from non-conservative processes. Such interpretations need to
consider the intertwined roles of varying Nd sources/sinks (e.g., changes to the sediment
composition and reactivity of benthic fluxes), changed ocean circulation regimes (e.g.,
water mass provenance and structure), and regional environmental conditions (e.g., biological
productivity and pH); all of which vary both spatially and temporally.

Nonetheless, the scheme has substantially updated, revised, and explored key critical
parameters governing the marine Nd cycle, building upon the ability of the community
to continue efforts to quantify the marine Nd cycle more comprehensively. With this
knowledge, we can then strive towards improved capabilities to predict and resolve the
non-conservative interactions that cause seawater εNd to diverge from conservative water
mass mixing, ultimately continuing the robust use of εNd as an effective geochemical tracer.

5.2.3 RQ3: To what extent can a seafloor-wide benthic flux explain
non-conservative behaviour of Nd isotopes under a global model of
marine Nd cycling, and to what extent can global bulk sedimentary
εNd distributions represent a labile sedimentary flux to seawater?

Recent investigations now suggest that a seafloor-wide benthic flux is a major source of
Nd to seawater; i.e., the sediment-ocean flux is not limited to shallow continental margins
(Abbott, 2019; Abbott et al., 2015b; Haley et al., 2017; Du et al., 2016). Simple box models,
that have been used primarily to investigate the emerging benthic flux hypothesis, suggest
that this source is the primary driver of non-conservative behaviour of Nd in the ocean
(Du et al., 2016, 2018, 2020; Haley et al., 2017; Pöppelmeier et al., 2020b). Yet, more
constraints are essential, particularly in more complex numerical models which attempt
to describe the full global marine Nd cycle, to begin establishing where and under what
conditions a benthic flux exerts a strong control on seawater εNd distributions.

High resolution Nd isotope maps of the global seafloor and continental margins,
presented in Chapter 2, and constrained by over 5,100 detrital εNd measurements formed
the basis for exploring the benthic flux in this thesis. A simulated seafloor-wide benthic
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flux, which utilised these bulk detrital εNd distributions as boundary conditions, was
found to be the major external source of Nd to seawater in the model. Specifically, in the
optimised simulation, 64% of total Nd sourced to seawater was apportioned to a seafloor
sedimentary source, and this direct deep ocean source played a key role in governing marine
Nd budgets (discussed in Sect. 5.2.1).

However, the greater sensitivity of marine Nd distributions and model skill to the
efficiency of reversible scavenging (another key non-conservative process acting to drive
vertical downward transport of Nd in seawater) compared with the magnitude of a benthic
flux in Chapter 3 demonstrated, that alone, a seafloor-wide benthic flux cannot explain
all non-conservative behaviour of Nd. Specifically, although a globally uniform benthic
flux could explain vertical [Nd] gradients that increase with depth, and drove, in part,
the distinct labelling of water masses with unique εNd signals, an effective system of
reversible scavenging is required. Such reversible scavenging processes are necessary to
govern both the global thermohaline variations in [Nd], which increase from the Atlantic
to the Pacific (van de Flierdt et al., 2016). Furthermore, reversible scavenging acts to
enhance the basinal gradients in simulated εNd by maintaining the localised provenance
signals through its role in vertical Nd transport and in determining the residence time of
Nd in seawater (Siddall et al., 2008b; Pöppelmeier et al., 2022).

Model-data disparity in the North and equatorial Pacific strongly suggests that a
specific fraction of sediment with a highly radiogenic εNd signature relative to the bulk
sediment signal is governing sediment-seawater interactions (see model-data mismatch in
Fig. 5.5a). Similarly, model-data mismatch in the northern North Atlantic highlights that
the bulk sediment εNd is not capturing the Nd sources correctly here, which need to be
less radiogenic (Fig. 5.4). Overall, these results uphold the notion that under a globally
uniform seafloor-wide benthic flux, the bulk sediment εNd distributions cannot be always
considered fully representative of the mobile εNd composition of the sediment interacting
with seawater, eluding to the preferential mobilisation of certain ‘reactive’ components in
the sediment (Du et al., 2016; Abbott et al., 2015b,a, 2016a; Wilson et al., 2013).

Providing insight into the regional mobilisation of ‘reactive’ sediment phases (Abbott
et al., 2015a; Wilson et al., 2013; Du et al., 2016; Lacan and Jeandel, 2005a; Jones et al.,
2008; Pearce et al., 2013; Rousseau et al., 2015; Abbott et al., 2016a; Jeandel and Oelkers,
2015), sensitivity studies were performed in Chapter 4; addressing ‘OBJ5: Investigate the
spatial extent and preferential mobilisation of certain reactive sediment components from
a benthic flux under a global model of the marine cycle’ (Chapter 1, Sect. 1.4). These
sensitivity studies demonstrated that the seawater εNd distributions in the Pacific Ocean
were sensitive to the heterogeneity of sediment reactivity and its isotope composition (Fig.
5.5).

Specifically, a more radiogenic benthic flux (relative to the bulk sediment signal)
in the Pacific moderately improved model skill, as inferred by returning a global cost
function (MAE). Here the Pacific MAE improved from 3.98 εNd-units under bulk sediment
boundary conditions to 3.04 εNd-units under the more radiogenic boundary conditions.
However, even under a considerable radiogenic seafloor forcing relative to the bulk sediment
εNd signal (where minimum labile seafloor sediment εNd values were regionally capped at
+8 and +10 across the western and eastern equatorial Pacific respectively), the model still
simulated too unradiogenic seawater εNd signals of -6 in the upper 2,000 m of the Pacific,
compared with seawater measurements of -2.5 (Amakawa et al., 2009; Fuhr et al., 2021;
Behrens et al., 2018; Fröllje et al., 2016). This model-data offset highlights a significant
missing Nd source here, or missing spatial detail describing distinct regions of elevated
and isotopically unique benthic fluxes.

In contrast, modern NADW showed a weak sensitivity to large unradiogenic forcings
applied within localised sediment regions in the North Atlantic (where the maximum
seafloor εNd signal interacting with seawater was regionally capped at -34), with the
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largest change of -0.4 εNd-units (relative to a bulk sediment εNd forcing) highly localised
to the abyssal northern North Atlantic. This demonstrates foremost that bottom waters in
the modern North Atlantic have the propensity to mask the non-conservative effects from
a seafloor benthic flux. Here, we suggest that this is caused by vigorous advection in the
Atlantic limiting benthic exposure time, alongside an overriding influence on seawater Nd
isotope distributions from ‘distinct’ and ‘reactive’ surface and marginal inputs around
key sites of convection (Abbott et al., 2019; Lambelet et al., 2016; Du et al., 2016).
Although this suggests seawater εNd characteristics in the modern Atlantic are mostly
governed by large-scale ocean circulation and water mass provenance, we cannot assume
this Nd cycling regime in the Atlantic holds true for palaeoceanographic applications.
For example, evidence of rapid climate oscillations, during the last deglaciation (21-9 ka)
(Clark et al., 2012), and large reorganisations of global ocean circulation (Jonkers et al.,
2015), suggest that the Atlantic Ocean circulation may have experienced periods where
convection strength was reduced (e.g., McManus et al. 2004). Reduced convection strength
in the Atlantic would increase the exposure time of bottom water to a seafloor benthic
flux (Abbott et al., 2015a; Haley et al., 2017). Coupling this with potentially coinciding
changed weathering regimes (e.g., fluxes of poorly chemically weathered ice rafted debris
during glacial melting) leads to a multitude of complex processes, all with the potential
to influence seawater εNd.

Chapter 4 of this thesis provided the first direct comparison of simulated seawater
εNd under a seafloor-wide (referred to as ‘REF-SED3’ ) versus a margin-only constrained
benthic flux (referred to as ‘REF-SED3-MG’ ), and provided further evidence for the
marked unique regional responses of different ocean basins to changed benthic fluxes (Fig.
5.6). Within this comparison, the εNd of sluggish bottom waters within the Pacific Ocean
were the most sensitive to non-conservative alterations resulting from an abyssal benthic
flux, whilst the North Atlantic once again showed a limited expression of such effects.
Here, model skill was actually improved under a margin-only constrained sediment flux,
resulting in a more unradiogenic upper NADW εNd signal of -13, which was considered
to be in excellent agreement with measurements of -13.2 for this water mass (Lambelet
et al., 2016), compared with -11 simulated under a seafloor-wide benthic flux.

Figure 5.6: Vertical sections of simulated εNd within sensitivity studies (a; REF-SED3 )
with a seafloor-wide benthic flux and (b; REF-SED3-MG) with a margin-only constrained
benthic flux along a transect from the Pacific to Atlantic, traversing the Southern Ocean
from West to East. Water column measurements are imposed as filled circles using the
same colour scale. Simulated and measured εNd from the Pacific are from 150 − 160◦ W,
in the Southern Ocean are from 55 − 65◦ S, and in the Atlantic values are from
20− 30◦ W. The continental margins are constrained following the definition by Robinson
et al. (2021), where sediment thickness ≥ 1,000 m. Figure reproduced from Chapter 4.
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The implications of these studies investigating large-scale non-conservative sedimentary
processes demonstrates foremost that the benthic flux is capable of overprinting water mass
εNd signals. This overprinting occurs particularly in regions of sluggish convection with
significant benthic fluxes that have a unique εNd relative to that of the overlying seawater.

Thus, and in answer to the original research question, a seafloor-wide benthic flux
constitutes the largest Nd source to seawater in our model and can explain non-conservative
behaviour of εNd. This behaviour is seen especially in the deeper ocean layers, and
particularly in the North and equatorial Pacific, whereby a benthic flux, likely of volcanic
origin, can explain in part the radiogenic overprint of sluggish deep water measured along
its northward flow path (Tachikawa et al., 2017; Jones et al., 2008; Abbott et al., 2015a).
Yet, the results from this thesis importantly stress the complex interplay of other key
processes that also cause non-conservative deviations in seawater εNd from water mass
mixing. Notably here, the downward vertical transport of Nd via reversible scavenging,
which is especially important for governing seawater εNd distributions below 1,000 m,
and in the well ventilated North Atlantic. This vertical transport in the water column
illustrates that the non-conservative behaviour of marine Nd is not limited to deep abyssal
sediment sources. Therefore we cannot assume the εNd of a water mass is always resilient to
non-conservative overprinting under regions with vigorous circulation and limited benthic
flux exposure, supporting recent findings by Pöppelmeier et al. (2022). Lastly, and in
answer to the second part of the research question, the results demonstrate clearly that
global bulk sedimentary εNd distributions cannot represent the labile sedimentary flux to
seawater in all instances, supporting the notion of spatial variability and/or the preferential
dissolution of mobile sediment phases driving pore water diagenesis and the benthic flux.

5.3 Limitations and future work

5.3.1 Improved spatial constraints on the magnitude and Nd isotope
distributions from a benthic flux

At the time of writing this thesis, direct observational measurements of pore water εNd,
which would best represent the Nd interactions at the sediment-water interface (Du et al.,
2020), were severely spatially limited to just three marginal sites in the eastern North
Pacific (at depths between 500-3,000 m; Abbott et al. 2015a). As such, in Chapter 2 a
pragmatic choice had to be made to also use marine detrital measurements (which are
much more widespread and abundant but may not always capture the mobile sediment
εNd phases) to characterise the sedimentary εNd distributions across the seafloor that may
represent a Nd source to seawater. To better constrain the flux rates and Nd isotope
distributions of a benthic flux, and how they may change under different weathering
regimes and environmental conditions, future work should focus on obtaining more direct
observational constraints on the broad labile sediment εNd interacting with seawater across
different seafloor regions. These measurements of the benthic flux could then feed into
refining the global sediment εNd maps presented in Chapter 2, improving the development
of more accurate model boundary conditions.

Moreover, further integrated model-data assessments exploring the sediment composition
reactivity of a benthic flux using numerical models, such as those presented in Chapter 4
of this study, would also improve model constraints on the benthic flux and help improve
model representation of marine Nd isotope distributions. Such investigations could include
assessments into how and where different environmental conditions (e.g., oxygenation, pH,
authigenic contributions, organic matter fluxes) may drive more intense localised benthic
fluxes. Higher resolution regional models coupled with marine sediment biogeochemical
modules are likely best positioned to investigate localised benthic fluxes and the complex
processes driving them, detail gained from these models could then feed back into global
Nd isotope schemes.
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5.3.2 Model limitations and biases

The research presented in this thesis is subject to limitations which arise from physical
biases inherent to the applied climate model, and from the parameterisation and assumptions
surrounding the representation of complex and elusive biogeochemical processes believed
to govern the global marine Nd cycle.

Whilst the Nd isotope scheme developed in this thesis benefits from improved physics
relative to intermediate complexity models, the spatial resolution of FAMOUS was shown
in Chapters 3 and 4 to limit the representation of large and highly variable surface point Nd
sources. Moreover, in Chapter 3 physical model biases in FAMOUS were shown to influence
the distribution of simulated Nd isotopes, these biases reflected insufficient Antarctic
Bottom Water (AABW) production and penetration into the Atlantic, and are known
limitations of the model (Dentith et al., 2019; Smith, 2012). Future work to overcome
such limitations resulting from the resolution and physical biases within FAMOUS could
therefore directly transfer the Nd isotope scheme into its parent model (HadCM3) which
operates at a higher spatial resolution and better represents physical ocean circulation
structure, particularly in the Atlantic (Valdes et al., 2017). Transferring the Nd isotope
scheme into HadCM3 would also allow for insightful investigations to be made regarding
the effects of model resolution on simulated Nd isotope distributions.

Parameterisation within the Nd isotope scheme was necessary to numerically represent
the global marine Nd cycle under substantial uncertainty regarding a description of the
major sources and sinks of Nd to seawater, which encompasses a complex multitude of
different biogeochemical processes, alongside computation constraints. In this study, the
simplified global parameterisations of Nd sources and sinks have been identified as likely
contributing towards model-data disparities. For example, underestimated [Nd] in the
surface layers and an over pronounced vertical gradient are likely caused by the simplified
representation of reversible scavenging. A future evolution of the scheme could update this
parameterisation of the reversible scavenging by introducing a depth dependent particle
settling velocity, this could reduce scavenging efficiency in the surface layers by better
accounting for enhanced surface turbulence (Chamecki et al., 2019; Noh et al., 2006)
and complexation onto organic ligands (Byrne and Kim, 1990). Although we favoured
satellite-derived estimates in order to improve the accuracy of particle-associated cycling
of Nd and reduce biases inherent to the intermediate complexity biogeochemistry model
(Dentith et al., 2020; Palmer and Todderdell, 2001), the optional ocean biogeochemistry
module in FAMOUS (Hadley Centre Ocean Carbon Cycle; HadOCC), which includes
simplified nutrient-phytoplankton-zooplankton-detritus (NPZD) classes
(Palmer and Todderdell, 2001), could instead be used as the basis for predicting vertical
particle fluxes in the ocean. Comparing the difference between both the satellite derived
and HadOCC simulated particle fluxes would provide insights into the potential influence
of biological production changes on seawater εNd distributions.

Additionally, future efforts to build upon the parameterisation of the benthic flux,
which is currently represented by a constant source to seawater across all sediment regions,
could explore the response of marine Nd isotope distributions in seawater to regionally
elevated benthic sources that are spatially tied to local environmental and sediment
conditions.

Any future development to improve the parameterisation of the major sources/sinks
and cycling of Nd in seawater would significantly benefit from increased observational
measurements of Nd fluxes. Additional measurements of particle-seawater exchange of
Nd, occurring both throughout the water column and across the sediment-water interface
would especially help towards resolving enigmatic Nd cycling and improving its representation
in models. The model calibration methods presented in this study provide an effective
template for future efficient and effective parameter space exploration to re-calibrate the
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Nd isotope scheme following any future updates to the scheme. Moreover, the optimisation
methods could be extended in the future to explore more parameters (e.g., dust fluxes,
particle scavenging coefficients, regionally scaled benthic fluxes), and further exploring
different model outputs from which the statistical emulator can relate model inputs to
(e.g., regional model-data cost functions).

5.3.3 Towards improved spatiotemporal constraints on the marine Nd
cycle and its application as an ocean circulation tracer

The Nd isotope scheme development and optimisation used a pre-industrial simulation
to best represent, constrain and explore the modern marine Nd cycle by allowing the
scheme to be directly compared to modern seawater measurements. To build a greater
understanding of where and under what conditions Nd isotopes reflect large-scale ocean
circulation patterns, and perhaps more importantly, identify where caution needs to be
taken in their interpretation due to non-conservative behaviour, future simulations with
the Nd isotope scheme in FAMOUS under different physical ocean circulation states are
recommended. Such experiments may include exploring how changed benthic fluxes or
particle scavenging (i.e., changed weathering and biogeochemical regimes) influences the
distribution of marine Nd isotopes in the Atlantic under idealised experiments with a
collapsed or shallowed AMOC state. Combining this analysis of simulated εNd with a
truly conservative dye tracer and other chemical circulation tracers in FAMOUS (e.g.,
δ13C; Dentith et al. 2020) would also allow for a more holistic assessment of large-scale
ocean circulation, contributing towards better constraints on the circulation properties of
Nd isotopes.

The model-data comparison of the Nd isotope scheme in this thesis was limited to
modern seawater measurements, therefore a future comparison might explore the difference
between simulated εNd and extracted authigenic εNd signals of bottom waters. Moreover,
since numerous interpretations of changed water mass distributions have been inferred by
millennial and glacial-interglacial scale variations in εNd extracted from marine archives
(e.g., Gutjahr et al. 2008; Piotrowski et al. 2012, 2008, 2004; Roberts et al. 2010; Rutberg
et al. 2000), the scheme could be applied in reconstructions of past ocean circulation states
(e.g., during the Last Glacial Maximum), or within transient reconstructions of abrupt
climate changes (e.g., Heinrich and Dansgaard-Oeschger events). Such isotope-enabled
palaeoceanographic reconstructions would shed light upon the characteristics of marine Nd
isotopes and how sensitive they are to large-scale changed water mass structure, providing
important insights into the interpretation of Nd proxy records. To better spatiotemporally
constrain non-conservative effects on the archived Nd isotope signal, future idealised
reconstructions representing altered Nd sources (their composition, reactivity, and fluxes)
resulting from changed weathering regimes (e.g., large and recurring inputs of detrital
material during glacial cycles, sea level changes resulting in different exposures of continental
material to seawater, and changed atmospheric circulation; impacting direct Nd input from
dust and changing biological productivity which in turn influences particle scavenging of
Nd) could help explain how and where these processes may obscure the water mass εNd

signal.

In final remarks, developing a protocol for a coordinated global Nd isotope modelling
intercomparison study was an early consideration on the onset of this thesis. Although
such a study would provide useful insights into exploring model dependency (i.e., assessing
individual model-biases), the results from this thesis suggest that the framework of a
global marine Nd models is limited. Despite increased efforts to constrain global marine
Nd cycling within sophisticated climate models, there remain significant (reaching offsets
of 3-5 εNd-units) model-data disparities, which transpose across multiple global isotope
schemes (Jones et al., 2008; Rempfer et al., 2011; Gu et al., 2019; Pöppelmeier et al., 2020a;
Pasquier et al., 2021; Arsouze et al., 2009). Such errors limit the capability of global Nd
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isotope models to accurately resolve what climatic or ocean conditions may drive deviations
in seawater εNd as observed in the palaeoceanographic record. Moving forwards, the
development of regional models, that can better encompass measured seawater Nd profiles,
and provide more complex spatiotemporal representations of Nd source/sink distributions,
may be better positioned to reconcile the marine Nd cycle and for palaeoceanographic
applications.



186 CHAPTER 5. DISCUSSION AND CONCLUSIONS



References
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F., Tachikawa, K., and Valdes, P. (2022a). Simulating marine neodymium isotope
distributions using ND v1.0 coupled to the ocean component of the FAMOUS-MOSES1
climate model: sensitivities to reversible scavenging efficiency and benthic source
distributions. Geoscientific Model Development [in review].

Robinson, S., Ivanovic, R., van de Flierdt, T., Blanchet, C. L., Tachikawa, K., Martin,
E. E., Cook, C. P., Williams, T., Gregoire, L., Plancherel, Y., Jeandel, C., and Arsouze,
T. (2021). Global continental and marine detrital ϵNd: An updated compilation for use
in understanding marine Nd cycling. Chemical Geology, 567:120119.

Robinson, S., Ivanovic, R. F., Gregoire, L. J., Astfalck, L., van de Flierdt, T., Plancherel,
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Appendix A

Code and data availability

Note that the database of sedimentary and marine εNd measurements, along with the
global gridded datasets and all input files for reproducing the sedimentary εNd distribution
maps of the continental margins and seafloor are in the relevant supplementary information
of Chapter 2 (Sect. 2.6). For an easy point of reference, they are available via the Research
Data Leeds Repository (Robinson et al. 2021; https://doi.org/10.5518/928).

The main repository for the Met Office Unified Model (UM) version 4.5, as presented
in this thesis, can be found at:
https://cms.ncas.ac.uk/unified-model/

The base code for FAMOUS is protected under UK Crown Copyright and can be
obtained from National Centre for Atmospheric Science (NCAS) Computational Modelling
Services (CMS): https://cms.ncas.ac.uk/miscellaneous/um-famous/.

The UM simulation files for the simulations described in Chapters 3 and 4, as denoted
by their unique five-letter Met Office UM identifiers (outlined in Table A.1), can be
accessed via the Providing Unified Model Access (PUMA) service: https://cms.ncas.

ac.uk/puma/

Table A1: Overview of the simulations described in this
thesis, as denoted by their unique five letter Met Office UM
identifiers and the notation used within this thesis.

Identifier Simulation Duration

Control candidate simulations for new FAMOUS reference

XPDAA control 0-5,000 years

XPDAB control candidate 0-5,000 years

XPDAC control candidate 0-5,000 years

XPDEA control candidate 0-5,000 years

Reversible scavenging efficiency ([Nd]p/[Nd]d) sensitivity simulations

XPDAI EXPT RS1 0-9,000 years

XPDAD EXPT RS2 0-9,000 years

XPDAH EXPT RS3 0-9,000 years

XPDAE EXPT RS4 0-9,000 years

XPDAF EXPT RS5 0-9,000 years

XPDAG EXPT RS6 0-9,000 years

Total Nd source from sediment (fsed) sensitivity simulations

XPDAL EXPT SED1 0-9,000 years

XPDAM EXPT SED2 0-9,000 years

XPDAH EXPT SED3 0-9,000 years

XPDAN EXPT SED4 0-9,000 years
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Additional simulations for Nd isotope scheme optimisation training set

XPDAU TRAINING SET1 0-9,000 years

XPDAV TRAINING SET2 0-9,000 years

Simulations from Wave 1 of multi-wave ensemble

XPGTA WAVE1 1 0-6,000 years

XPGTB WAVE1 2 0-6,000 years

XPGTC WAVE1 3 0-6,000 years

XPGTD WAVE1 4 0-6,000 years

XPGTE WAVE1 5 0-6,000 years

XPGTF WAVE1 6 0-6,000 years

XPGTG WAVE1 7 0-6,000 years

XPGTH WAVE1 8 0-6,000 years

Simulations from Wave 2 of multi-wave ensemble

XPHJA WAVE2 1 0-6,000 years

XPHJB WAVE2 2 0-6,000 years

XPHJC WAVE2 3 0-6,000 years

XPHJD WAVE2 4 0-6,000 years

XPHJE WAVE2 5 0-6,000 years

XPHJF WAVE2 6/REF CONC2 0-6,000 years

XPHJG WAVE2 7 0-6,000 years

XPHJH WAVE2 8 0-6,000 years

XPHJI WAVE2 9 0-6,000 years

XPHJJ WAVE2 10 0-6,000 years

XPHJK WAVE2 11 0-6,000 years

XPHJL WAVE2 12 0-6,000 years

XPHJM WAVE2 13 0-6,000 years

XPHJN WAVE2 14 0-6,000 years

XPHJO WAVE2 15 0-6,000 years

Optimised reference simulations

XPIAB REF 0-6,000 years

XPIAC REF IC 0-6,000 years

XPIAD REF CONC1 0-6,000 years

Seafloor sediment Nd isotope distribution sensitivity simulations

XPIAG REF-SED2 0-6,000 years

XPIAH REF-SED3 0-6,000 years

Margin-only constrained benthic flux sensitivity stimulation

XPIAQ REF-SED3-MG 0-6,000 years

Note that all the code, input files, post-processing scripts, and pre-stash files for
implementing Neodymium isotopes (143Nd and 144Nd) in the ocean component of the
UM4.5, as presented in in the supplement of the relevant research chapters (Chapter 3;
Sect. 3.5 and Chapter 4; Sect. 4.7).

For completeness, and an easy point of reference, the relevant model code and output
presented in the implementation of Nd isotopes in FAMOUS GCM as presented in Chapter
3, can be accessed via the Research Data Leeds Repository (Robinson et al. 2022a;
https://doi.org/10.5518/1136).

Additionally, all the relevant model code and output presented for the optimisation
of the Nd isotope scheme and sensitivity studies exploring the isotope composition and
spatial extent of a benthic flux presented in Chapter 4 can be accessed via the Research
Data Leeds Repository (Robinson et al. 2022b; https://doi.org/10.5518/1181).

Lastly, data tables containing: (1) the seawater rare earth element (REE) compilation
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used in Chapters 3 and 4 to validate the Nd isotope scheme, and (2) all parameter values for
the simulations forming the optimisation of the Nd isotope scheme, alongside all additional
(i.e., historical) modification files (that are required on top of the FAMOUS base code to
run the simulations described in this thesis), simulation files (Table A1), and scripts for the
scheme optimisation can be accessed via the Research Data Leeds Repository (Robinson,
2022; https://doi.org/10.5518/1182).

https://doi.org/10.5518/1182
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